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EXECUTIVE  SUMMARY 


Most  studies  of  atmospheric  dispersion  have  focused  on  long-term  average  concentrations  for 
pollution  and  hazard  assessment.  More  recent  work  has  included  modeling  of  instantaneous  or 
short-term  concentrations.  Instantaneous  values  of  concentration  can  vary  considerably  from  the 
long-term  averages.  Modeling  methods  for  these  instantaneous  concentrations  are  not  well  devel¬ 
oped  because  of  the  lack  of  good  experimental  data. 

This  report  presents  the  average  and  instantaneous  concentration  measurements  from  a  series 
of  atmospheric  dispersion  experiments  conducted  under  both  unstable  and  stable  meteorological 
conditions.  The  experiments  were  undertaken  at  two  different  sites,  over  both  flat  and  complex 
terrain.  Two  types  of  surface-level  point  aerosol  sources  were  used.  One  is  a  fog-oil  smoke  and 
the  other  is  a  hexachloroethane  (HC)  chemical  smoke.  Measurements  of  concentration  at  points 
along  crosswind  transects  were  taken  over  time  periods  of  an  hour  at  distances  up  to  several  kilo¬ 
meters  from  the  source.  These  measurements  included  both  aerosol  photometer  records  for 
assessment  of  instantaneous  concentration  fields  and  aspirated  filters  for  assessment  of  mean 
concentrations. 

The  flat-terrain  site  was  located  at  Camp  Atterbury,  Indiana.  Wind  measurements  were  made 
from  a  10-m  micrometeorological  tower  near  the  center  of  the  test  grid  and  at  the  source  location. 
Upper-level  air  measurements  were  taken  from  National  Climatic  Data  Center  records  made  at 
Peoria,  Illinois  and  Dayton,  Ohio.  Both  mean  dosage  and  real-time  data  were  recorded  along 
crosswind  transects  at  distances  from  50  m  to  450  m  from  the  source. 

The  second  set  of  dispersion  tests  were  carried  out  at  a  site  near  Red  Bluff,  California.  Two 
sampling  grids  were  used  due  to  the  nature  of  the  terrain  and  windfield.  The  daytime  tests  included 
crosswind  concentration  measurements  at  distances  from  25  m  to  250  m  downwind  from  the 
source  in  a  relatively  flat  area  of  the  test  site.  Nighttime  tests  included  crosswind  measurement  of 
concentration  data  at  distances  from  25  m  to  3000  m  downwind  from  a  second  source  location  in  a 
winding  valley.  Surface-level  wind  instrumentation  at  this  site  included  14  surface  stati^ns,  a  30- 
m  micrometeorological  tower,  and  2  sonic  anenrometers.  Measurement  of  upper-level  winds  were 
obtained  from  balloon  soundings  at  the  site. 

The  average  concentration  data  appear  to  be  consistent  and  valid,  showir^^  favorable  agree¬ 
ment  with  both  Gaussian-plume  and  mixed-layer  mean  concentration  models.  The  real-time  data 
show  that  concentration  intermittency  is  important  at  all  locations,  and  that  positive  concentrations 
(c  >  0)  are  present  on  the  mean  plume  centerline  only  20%  to  70%  of  the  time.  Concentration 
fluctuation  intensity  ranges  from  2  near  the  plume  centerline  to  greater  than  20  at  the  plume  edge. 
Point  concentration  histograms  are  shown  to  agree  with  the  exponential  distribution  for  c>  0. 
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spectra  of  the  concentration  data  show  an  inertial-convective  subrange  with  a  5/3-power  law 
versus  frequency  behavior.  Integral  time  scales  of  the  concentration  records  at  all  individual 
sampling  points  are  approximately  constant  within  a  test  and  are  equal  to  the  mean  duration  of 
episodes  or  bursts  with  c  >  0.  Tht  probability  distribution  of  individual  burst  durations  at  each 
sampler  shows  an  exponential  distribution. 
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Xc  Integral  time  scale  of  the  concentration  fluctuations 

Xii  Shear  stress  tensor  i  =  x,y,z 


“  (overbar)  Indicates  time  average 
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1 .  INTRODUCTION 


Most  methods  of  study  and  modeling  of  atmospheric  dispersion  have  focused  on  slowly 
varying  mean  concentrations  for  pollution  and  hazard  assessment.  The  purpose  of  this  technical 
repon  is  to  alternatively  focus  on  the  turbulent  fluctuations  and  intermittency  in  concentrations 
using  experimental  measurements  and  probabilistic  models. 

Deliberate  release  of  military  smoke  presents  some  unique  oppormnities  for  the  study  of 
atmospheric  dispersion  modeling.  In  many  cases,  smoke  releases  are  characterized  as  being  short 
term  events  with  high  concentration  levels.  Brief  exposure  to  airborne  materials,  even  at  low 
concentrations,  can  be  hazardous  depending  on  the  toxicity  potential  of  the  substance  involved. 
The  evaluation  of  concentration  fluctuations  can  be  effectively  and  collectively  applied  to  industrial 
settings  where  releases  of  hazardous  materials  can  occur  and  when  explosive  limits,  often  as  low 
as  1%,  can  lead  to  accidents.  Additionally,  establishing  confidence  limits  in  mean  concentration 
predictions  and  measurements  requires  higher  order  moments  of  the  concentration  field.  'I'hese 
confidence  limits  are  significant  because  of  the  high  fluctuation  intensity  of  concentration  records 
and  the  long  correlation  times  in  atmospheric  flows. 

We  can:  (i)  find  a  better  physical  description  of  dispersion  in  the  atmosohere  by  studying  the 
fluctuating  concentrations.  The  probabilistic  approach  used  in  this  report  allows  different  types  of 
releases,  such  as  continuous  plumes  or  instantaneous  puffs  of  material  to  be  treated  in  a  similar 
manner  and  (ii)  provide  a  means  for  estimating  nonlinear  effects  of  concentration  in  more  complex 
situations.  One  effect  of  importance  is  radiational  heat  transfer  and  light  propagation  through  a 
cloud.  Another  is  in  estimating  mass  balances  of  greenhouse  gases  in  the  atmosphere. 
Transpiration  of  greenhouse  gases  such  as  CO2  by  plants  is  a  highly  nonlinear  function  of  concen¬ 
tration. 

Intermitency  in  concentration  is  defined  as  the  fraction  of  time  that  smoke  is  present  at  a 
fixed  point  in  space.  A  real-time  record  of  concentration  measured  downwind  from  a  small  surface 
level  smoke  source  is  shown  in  Figure  1.1.  This  measurement  was  taken  near  the  centerline  of  the 
smoke  plume  and  is  characteristic  of  real-time  concentration  measurements.  A  great  deal  of  in¬ 
termittency  and  fluctuation  in  concentration  is  present  in  these  data  demonstrating  the  significance 
of  intermittency  in  our  measurements  and  that  average  measurements  alone  are  insufficient  for 
describing  short-term  behavior.  The  importance  of  higher  order  statistics  is  further  accentuated 
when  considering  that  the  standard  deviation  of  the  signal  is  of  the  same  order  as  the  mean,  and  the 
peak  level  is  nearly  an  order  of  magnitude  larger  than  the  mean.  Measurements  taken  near  the 
edges  of  a  plume  typically  exhibit  much  lower  intermittency  than  "^hown  in  Figure  1.1  and  can  have 
standard  deviations  may  be  up  to  an  order  of  magnitude  larger  than  the  mean. 
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Most  dispersion  models  only  predict  average  concentrations.  This  average,  which  is  taken 
over  a  period  ranging  from  10  minutes  to  an  hour  depending  on  the  application,  smooths  the 
random  fluctuations  in  the  instantaneous  plume.  A  comparison  of  instantaneous  and  time-weighted 
average  concentration  isopleths  is  shown  in  Figure  1.2.  In  this  figure  the  instantaneous  plume 
outline  is  supplied  by  an  aerial  photograph  taken  during  a  highly  convective  daytime  release.  The 
mean  concentration  isopleth  is  calculated  for  the  same  test  from  time-weighted  average  data. 
Although  average  predictions  of  concentration  show  a  smooth  isopleths  of  concentration,  the 
visible  outline  of  the  instantaneous  plume  in  this  figure  exhibits  no  such  behavior. 

The  topics  in  this  report  are  a  subset  of  many  possible  atmospheric  dispersion  scenarios. 
This  subset  includes  experimental  tests  and  simple  analytical  models  for  a  steady  surface-level 
point  source  of  a  passively  dispersing  aerosol.  Such  dispersion  can  be  considered  to  be  the  mixing 
of  'marked'  fluid  into  clean  fluid.  The  dispersion  is  measured  over  periods  of  up  to  an  hour,  at 
distances  to  several  kilometers  from  the  source.  The  wind  conditions  in  these  tests  may  be  consid¬ 
ered  quasi-stationary  and  a  well  developed  theory  is  used  for  scaling  the  atmospheric  boundary 
layer. 

Results  of  this  investigation  show  the  field  of  concentration  variance  can  be  predicted  using  a 
source  and  transport  of  the  concentration  variance  similar  to  that  for  the  mean  field.  The  probabil¬ 
ity  distribution  of  concentration  at  a  single  point  in  the  flow  is  shown  to  follow  an  exponential 
distribution  for  the  fraction  of  time  that  marked  fluid  is  present  at  the  sampling  point,  with  an 
explicit  intermittency,  or  fiaction  of  time  that  marked  fluid  is  present,  at  a  given  sampler.  For  mean 
concentrations,  the  variance  in  concentration,  and  the  intermittency,  a  self-similar  crosswind  scal¬ 
ing  is  shown  to  apply  and  empirical  models  are  developed  to  predict  these  quantities  at  ground 
level. 

The  experimental  data  in  this  report  come  from  two  sets  of  field  dispersion  experiments.  The 
tests  were  conducted  in  nearly  flat  terrain  near  Camp  Atterbury,  Indiana  and  at  the  Meadowbrook 
Site,  a  mountainous  area  20  miles  east  of  Red  Bluff,  California.  All  releases  were  at  ground  level 
from  a  single  smoke  generator,  with  up  to  50  sampling  locations  in  crosswind  lines  at  distances 
from  the  source  of  50  m  to  3000  m,  depending  on  the  site  and  the  atmospheric  conditions. 
Measurements  were  made  of  wind  conditions  at  two  locations  for  the  Atterbury  tests  and  up  to  14 
locations  for  the  Meadowbrook  tests.  Instruments  and  methods  were  developed  for  measuring  and 
recording  the  field  of  mean  concentration  and  fluctuating  concentration  for  both  a  fog-oil  smoke 
and  a  hexachloroethane  generated  smoke  in  these  tests. 

The  data  taken  in  these  trials  comprise  over  12  hours  of  dispersion  data  taken  in  18  tests.  Of 
these  tests,  12  are  suitable  for  detailed  analysis.  Meteorological  conditions  varied  from  highly 
convective  daytime  conditions  to  stable  nighttime  conditions.  This  data  has  been  very  helpful  in 
improving  the  understanding  of  the  physics  of  turbulent  dispersion  as  well  as  the  modeling  of 
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Figure  1.2  Comparison  of  mean  concentration  field  to  the  instantaneous  concentration  field.  These  data  are  from  Test 
0926871  at  the  Meadowbrook  unstable  dispersion  site.  Isopleths  of  the  average  concentration  field  are 
determined  from  a  fit  to  the  average  surface  level  concentration  measurements  and  are  shown  as  elliptical 
lines.  The  instantaneous  profile  is  derived  from  an  aerial  photograph  and  is  shown  as  a  filled  outline.  Grays 
in  the  plume  photograph  are  calibrated  against  instantaneous  surface  level  concentration  measurements. 


concentration  fluctuations.  It  is  among  the  most  complete  set  of  data  available  which  includes 
measurements  of  real-time  tracer  concentrations,  source  release  rate  data,  and  detailed  meteoro¬ 
logical  measurements. 

The  following  chapters  of  this  report  begin  with  a  review  of  current  practices  in  atmospheric 
dispersion  modeling,  a  review  of  previously  acquired  data  sets,  and  a  discussion  of  the  atmo¬ 
spheric  boundary  layer  in  Chapter  2.  The  theory  of  turbulent  dispersion  for  both  mean  and  fluc¬ 
tuating  concentration  fields  is  covered  in  Chapter  3.  This  includes  a  review  of  existing  theory  and 
a  presentation  of  new  material  as  it  pertains  to  the  modeling  of  concentration  fluctuations. 
Descriptions  of  the  meteorology  and  site  characteristics  are  given  in  Chapter  4,  followed  by  a 
summary  of  instrument  descriptions  and  experimental  analysis  techniques  in  Chapter  5.  Results 
and  comparison  of  the  dispersion  experiments  with  theory  are  given  in  Chapter  6.  These  results 
are  divided  into  sections  covering  the  different  sites  and  source  types  within  a  group  of  tests.  An 
error  analysis  of  the  data  and  a  summary  of  applicable  models  are  covered  in  Chapter  7,  with  con¬ 
clusions  given  in  Chapter  8. 
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2.  PREVIOUS  WORK  IN  DISPERSION  AND  ATMOSPHERIC 
TURBULENCE 

2.1  Review  of  Experiments  and  Dispersion  Modeling  in  the 
Atmosphere 

In  atmospheric  dispersion,  most  efforts  are  directed  toward  estimating  means  in  concentration 
over  specified  periods.  These  averages  may  usually  be  assumed  stationary  for  time  periods  less 
than  an  hour  due  to  the  presence  of  a  gap  in  the  turbulent  energy  spectra  for  a  one-hour  time  period 
as  later  discussed  in  Section  2.2.  Dispersion  model  inputs  consist  of  time  averaged  meteorological 
variables  and  soiuoe  parameters.  Results  are  given  in  terms  of  a  deterministic  field  of  mean 
concentration  which  is  constant  within  the  averaging  period  but  may  vary  in  time  and  space  with  a 
changing  time  series  of  one-hour  averaged  model  inputs. 

Mean  concentrations  are  not  well  represented  by  these  models.  For  example  Nieuwstadt 
(1980a)  calculated  a  time  series  of  one-hour  average  S()2  concentrations  at  30  receptor  locations  in 
a  Netherlands  industrial  area  using  a  Gaussian  plume  model.  Comparison  with  measured  values 
gave  average  correlation  coefficients  for  each  receptor  in  the  range  0.03  to  0.39  with  an  overall 
average  of  0.26.  Liu  and  Moore  (1984)  also  found  very  poor  agreement  between  data  and 
Gaussian  model  predictions  for  a  time  series  of  one-hour  average  SO2  concentrations  measured 
near  Kinkaid,  Illinois.  They  concluded  that  the  model  inputs  of  source  strength  and  meteorological 
measurements  were  without  skill  in  improving  the  concentration  estimates. 

These  examples  illustrate  the  general  failure  of  the  Gaussian  model  in  predicting  concentra¬ 
tion.  This  poor  agreement  can  be  due  to  a  bias  in  the  model.  It  may  also  be  due  to  insufficient 
meteorological  or  source  strength  data.  Lamb  (1984)  shows  the  accuracy  in  dispersion  predictions 
decreases  with  increasing  distance  from  the  source  and  the  proximity  of  the  meteorological 
measurements.  This  problem  in  accuracy  arises  from  the  fluctuations  inherent  in  turbulent  flow. 
No  error  estimate  in  mean  concentration  is  provided  in  this  type  of  dispersion  model. 

Some  of  the  shortcomings  in  deterministic  models  have  been  addressed  through  purely 
statistical  models  derived  ftom  a  series  of  concentration  measurements.  For  air  quality  or  hazard 
assessment,  the  average  concentration  is  not  as  great  a  concern  as  is  estimating  exceedance  limits  or 
the  probability  density  function  of  concentration.  For  air  quality  assessment,  concentration  data 
sets  have  been  used  to  determine  statistical  models  for  concentration  distributions.  Larsen  (1969, 
1974)  shows  that  urban  pollutant  concentrations  are  distributed  approximately  lognormally  for  all 
averaging  times  greater  than  an  hour.  Hunt  (1972)  and  Phinney  and  Newman  (1972)  estimate  the 
precision  in  fitting  data  sets  to  the  lognormal  distribution.  Taylor  et  al.  (1986)  and  Jakeman  et  al. 
(1986)  investigate  statistical  techniques  for  applying  other  probability  distributions  to  concentration 
data  sets.  All  of  the  distributions  are  positively  skewed. 
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These  types  of  statistical  models  of  concentration  are  based  entirely  on  experimental 
measurements  and  requires  that  the  time  series  of  data  is  stationary.  Their  primary  use  is  in  esti¬ 
mating  confidence  limits  for  exceeding  a  given  concentration,  estimating  maximum  values  from 
limited  data  sets,  and  extrapolating  expected  average  concentrations  for  different  sampling  periods. 
They  often  neglect  any  causal  relations  such  as  that  represented  by  meteorological  parameters, 
source  strengths  and  locations,  removal  mechanisms,  and  seasonal  variations.  Improvement  in 
this  type  of  model  may  incorporate  some  of  the  causal  effects  used  in  deterministic  models 
(Jakeman  et  al.,  198C)  or  may  model  the  seasonal  or  diurnal  behavior  of  a  nonstationary  data  set 
(North  et  al.,  1984). 

In  our  effort  we  are  ultimately  concerned  with  the  improvement  of  the  existing  models.  This 
goal,  however,  entails  the  collection  of  experimental  measurements  which  are  required  for  the 
assessment  of  atmospheric  effects  as  well  as  model  calibration.  We  need  to  include  more  predicted 
information  so  that,  in  addition  to  the  mean  concentration,  the  full  probability  density  function  of 
concentration  is  represented  within  the  stationary  one-hour  averaged  period.  This  will  allow 
consistent  prediction  of  short-term  (less  than  one  hour)  exceedance  levels  and  allow  calculation  of 
error  limits  on  averaged  mean  concentrations. 

Exceedance  levels  or  concentration  distributions  for  time  periods  greater  than  1  hr  may  be 
found  using  statistical  distributions  of  meteorological  and  source  data  in  combination  with  the 
short-term  distribution  of  concentration  statistics.  Information  on  multiple  sources  may  be 
obtained  by  superposition.  This  approach  can  allow  conditional  effects  of  meteorology  and  source 
strength  on  concentration  levels  at  given  locations  to  be  examined. 

2.1.1  Mean  Concentrations 

Modeling  Distributions  of  Mean  Concentration 

The  body  of  literature  for  prediction  of  mean  concentrations  in  the  atmosphere  is  extensive. 
Excellent  reviews  are  given  by  Pasquill  (1974),  Pasquill  and  Smith  (1983),  Randerson  (1984), 
Panofsky  and  Dutton  (1984),  and  Hanna  et  al.  (1982).  There  are  three  basic  approaches  to  model¬ 
ing  the  mean  concentration  distribution.  These  include  statistical  methods,  gradient  transfer  or  K: 
theory,  and  similarity  theory. 

The  statistical  approach  for  turbulent  dispersion  was  introduced  by  Taylor  (1921)  in  relating 
Eulerian  velocity  statistics  to  the  Lagrangian  statistics  of  elements  of  maiked  fluid  in  homogeneous 
turbulence.  This  theory  shows  that  far  from  a  source  the  average  plume  growth  Oy(t)  is  propor¬ 
tional  to  where  t  is  travel  time.  Near  the  source  (in  the  region  where  fluid  motion  is  corre¬ 
lated),  Oy(t)  is  proportional  to  t.  The  travel  time  is  often  approximated  by  t  =  x/ux  where  x  is  the 
downstream  distance  and  Ux  is  the  mean  wind  speed. 
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Sutton  (1947a)  used  the  statistical  approach  and  ac-theory  in  a  point-source  atmospheric 
dispersion  model  with  a  Gaussian  concentration  distribution  normal  to  the  mean  wind  and  a  power- 
law  decay  with  distance  firom  the  source.  For  a  ground-level  source  and  a  reflective  boundary,  the 
ground-level  concentration  for  the  Gaussian  plume  rtxxiel  is  written  (see  Csanady,  1973) 


(2.1) 


where  q  is  the  source  strength.  The  plume  widths  in  the  horizontal  and  vertical  coordinates  respec¬ 
tively  are  Oy  and  Oj.  These  are  often  fitted  from  empirical  measurements.  Batchelor  (1949)  shows 
that  a  Gaussian  crosswind  distribution  is  found  for  mean  concentrations  in  a  dispersing  plume  for 
reasons  which  vary  with  the  distance  from  the  source.  Near  the  source  the  velocity  distributions 
have  a  Gaussian  distribution  and  the  pollutant  is  carried  in  the  direction  of  this  velocity.  Farther 
from  the  source,  the  velocity  fluctuations  become  independent  of  one  another  and  the  distribution 
will  approach  a  Gaussian  form  from  consideration  of  the  central  limit  theorem  (see  Papoulis,  1965) 
and  symmetry  aoout  the  plume  axis. 

Many  present  day  models  are  based  on  the  Gaussian  approach.  Draxler  (1976)  and  Gryning 
et  al,  (1987)  give  empirical  forms  for  the  dispersion  parameters  Oy  and  caused  in  this  model. 
These  equations  asymptotically  match  the  plume  growth  expected  from  Taylor's  theory.  Because 
of  inhomogeneity  in  the  atmospheric  boundary  layer,  dispersion  in  the  vertical  direction  is  not 
always  well  represented  by  a  Gaussian  plume. 

Gradient  transfer  methods  have  been  most  successful  in  predicting  the  vertical  distributions 
of  concentration  close  to  the  surface  boundary.  In  this  region  the  scale  of  the  concentration  gradi¬ 
ent  is  greater  than  the  size  of  the  dispersing  fluctuations  in  velocity.  Solutions  have  been  primarily 
examined  through  SC-theory  models  using  numerical  solution  or  analytical  solutions  obtained  for 
power  law  approximations  to  %  Mean  concentration  profiles  from  a  surface-level  source  may  be 
summarized  using  an  equation  of  the  form 

( 

c(z)  =  ^  expl  !  (2.2) 


and  the  exponent  n  determines  the  profile  shape.  If  n  =  2  the  distribution  follows  a  Gaussian 
profile.  Gryning  et  al.  (1987)  gives  an  exponential  distribution  with  n  =  1  for  neutral  flow  far 
from  the  source  and  n  =  3  as  an  asymptotic  limit  for  stable  flow.  The  coefficients  and  ®  are 
examined  by  van  Ulden  (1978)  and  Nieuwstadt  and  van  Ulden  (1978)  in  a  comparison  with  atmo¬ 
spheric  dispersion  data. 
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In  an  alternate  examination  of  dispersion  near  the  surface,  Venkatram  (1988)  relates  plume 
behavior  due  to  velocity  shear  through  a  reexamination  of  Taylor's  statistical  approach.  Also  of 
use  very  near  the  surface  are  similarity  solutions  in  which  surface  boundary  layer  parameters  are 
used  in  scaling  concentration  measurements  (Pasquill  and  Smith,  1983). 

In  unstable  atmospheric  conditions,  mean  ccMicentration  distributions  are  strongly  affected  by 
the  vertical  anisotropy  of  thermal  plumes  and  downward  subsidence.  Deardorff  (1970a)  found  a 
atmospheric  convective  velocity  scale  which  also  applies  in  Rayleigh  convection.  Similarity  results 
for  atmospheric  dispersion  using  this  parameter  and  the  boundary  layer  height  are  given  by 
Nieuwstadt  (1980b)  and  Briggs  (1985).  These  solutions  compare  favorably  with  laboratory 
measurements  of  dispersion  in  Rayleigh  convection  by  Deardorff  and  Willis  (1975). 

Modeling  in  unstable  flow  may  also  be  based  on  the  statistical  approach.  Monte-Carlo  simu¬ 
lations  of  Lagrangian  particle  motion  have  been  particularly  successful  in  this  regard.  Durbin 
(1983)  gives  an  introduction  to  stochastic  dispersion  modeling  and  relates  the  theory  for  dispersion 
in  a  homogeneous  field  given  by  Batchelor  (1949)  to  anisotropic  conditions.  Thomson  (1984), 
van  Dop  et  al.  (1985)  and  Sawford  (1986)  investigate  closure  approximations  for  Lagrangian 
particle  motion  in  anisotropic  nirbulent  flow.  Liljegren  (1989)  presents  an  extensive  review  of 
statistical  methods  and  implements  the  Monte-C^lo  dispersion  model  for  convective  dispersion  in 
the  atmosphere. 

Experimental  Work  in  Measuring  Mean  Concentration  Distributions 

Experiments  are  necessary  in  estimating  dispersion  parameters  and  in  determining  the  accu¬ 
racy  of  the  modeling  approaches  for  mean  concentrations.  The  most  productive  studies  of  atmo¬ 
spheric  dispersion  have  focused  on  releasing  a  tracer  gas  or  aerosol  into  the  atmosphere  and 
measuring  the  downwind  concentration  at  given  positions  and  times.  In  all  cases  this  includes 
measurements  of  meteorological  conditions,  the  source  strength,  and  time-averaged  downwind 
concentrations.  The  more  extensive  test  series  have  focused  on  dispersion  in  flat  and  uniform 
terrain.  In  interpreting  results  from  these  experiments  it  is  assumed  that  the  tracer  material  is 
conserved  and  not  lost  by  deposition  on  the  ground  or  through  chemical  reactions. 

According  to  Pasquill  (1974),  the  fu^t  quantitative  experiments  in  atmospheric  dispersion 
began  in  1923  on  Salisbury  Plain  near  Porton,  Wilshire,  England.  Aerosols  used  in  these  experi¬ 
ments  included  smoke  screens,  dye-stuff,  and  arsenic  compounds.  Gases  included  chlorine, 
phosgene,  and  sulphur  dioxide.  Crosswind  profiles  of  averaged  concentrations  were  measured  at 
distances  up  to  300  m  from  a  point  source.  For  distances  between  300  m  and  1(X)0  m,  the  analysis 
focused  on  peak  concentrations.  Results  of  this  work  include  estimates  of  the  cloud  dimensions  in 
neutral  conditions.  Cloud  size  is  also  related  to  measurements  of  turbulence.  Results  from 
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dispersion  tests  at  Poiton  fw  the  period  from  1932  to  1938  are  summarized  by  Sutton  (1947b)  and 
form  the  basis  for  his  Gaussian  plume  model. 

Dispersion  tests  conducted  at  the  Round  Hill  Field  Station  of  the  Massachusetts  Institute  of 
Technology  and  in  Project  Prairie  Grass  during  the  period  from  1954  to  1957  used  more  sensitive 
detection  methods  for  specific  tracers  and  better  meteorological  instrumentation  than  the  earlier 
Porton  experiments.  The  Prairie  Grass  tests  were  conducted  over  flat  terrain  near  O'Neil, 
Nebraska  in  1956  and  are  summarized  by  Barad  (1958)  and  Haugen  (1959).  This  series  of  tests 
consisted  of  a  total  of  70  experiments  conducted  in  July  and  August,  1956.  Cross  wind  concentra¬ 
tions  of  a  ground-level  SO2  tracer  dispersed  from  a  point  source  were  measured  over  a  10-min 
averaging  time  at  downwind  distances  of  50  m,  100  m,  300  m,  400  m,  and  800  m.  Wind  fluctua¬ 
tions  in  the  horizontal  and  vertical  were  measured  using  fast-response  instruments. 

Ramsdell  et  al.  (1985)  summarizes  a  series  of  over  300  dispersion  experiments  carried  out  at 
the  Hanford  site  near  Richland,  Washington  during  the  period  from  1959  to  1974.  The  test  area  at 
Hanford  is  relatively  flat  with  a  30  m  variation  in  elevation  within  1  km  of  the  source.  Vegetation 
consists  of  1  to  2  m  high  sagebrush  and  steppe  grasses.  Up  to  1000  ground-level  samples  per 
experiment  were  taken  in  these  dispersion  tests.  The  main  sampling  grid  included  transects  at 
distances  from  400  m  to  12800  m.  Meteorological  instrumentation  was  mounted  on  a  122-m  tower 
near  the  center  of  the  site  and  on  a  25-m  tower  at  the  source  location. 

Aerosol  tracers  used  in  the  Hanford  experiments  include  zinc-sulfide,  fluorescein,  and 
rhodamine  dye.  These  were  collected  using  filter  samples  with  analysis  based  on  the  fluorescent 
properties  of  the  material  as  discussed  by  Leighton  et  al.  (1965).  Tracer  gases  included  krypton-85 
and  xenon-133.  Detection  methods  for  these  radioactive  tracers  are  described  by  Nickola  (1971) 
and  Ludwick  et  al.  (1968)  for  the  krypton-85  gas  and  Eggleton  and  Thompson  (1961)  for  the 
xenon- 133  gas. 

Selections  of  data  from  the  Porton,  Hanford,  and  O'Neil  data  have  been  used  in  finding 
plume  parameters  and  in  validation  of  a  wide  variety  of  mean-concentration  dispersion  models. 
These  have  been  supplemented  by  a  number  of  less  extensive  disp)ersion  studies  intended  to 
improve  prediction  methods  in  more  complicated  situations. 

Several  studies  have  been  undertaken  in  gently  rolling  terrain  and  in  study  of  nocturnal 
drainage  flow  in  mountain-valley  systems.  These  have  limited  application  to  our  measurements  at 
the  Meadowbrook  test  site  under  the  same  conditions.  Pasquill  and  Smith  (1983)  summarize  many 
of  these  dispersion  experinwnts. 
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2.1.2  Fluctuating  Concentrations 


In  investigating  concentration  fluctuations  we  are  mainly  concerned  with  fluctuations  within 
our  one-hour  stationary  averaging  period.  Concentrations  at  a  Eulerian  point  x  with  respect  to  the 
source  can  be  represented  through 

c  (  x,t )  =  c  (  x,t )  +  c'  (  x,t )  (2.3) 

and  the  problem  is  to  characterize  c(x,t )  in  terms  of  a  probability  distribution  P(c)  or  in  terms  of 
means  and  higher  order  moments  such  as  the  variance.  We  write  the  probability  distribution  P(c) 
as 

C 

P(c)  =  j*  p(c)  dc  =  PROB  [  c(x,t)  <  c  ]  (2.4) 

•  oo 

and  p(c)  is  the  probability  density  function.  A  separate  problem  is  in  determining  the  average 
dimensions  of  the  instantaneous  cloud. 


Probability  Density  Functions  of  Concentration 


An  important  feature  found  in  dispersion  from  a  point  source  is  the  intermittency. 
Intermittency  is  the  fraction  of  time  for  which  c>  0  at  a  given  sampler  location.  This  is  a  different 
situation  than  that  found  for  urban  concentration  distributions  which  are  often  fitted  using  the 
lognormal  distribution.  Csanady  (1967),  Barry  (1971)  and  Hanna  (1984b)  have  all  proposed  a 
Poisson-like  distribution  or  exponential  distribution  with  an  explicit  intermittency  factor  for  fitting 
concentration  histograms  from  a  point  source.  From  derivations  given  in  Section  3.5.2  of  this 
report  we  show  this  distribution  is  given  by 


P(c)  =1-1  exp 


(2.5) 


where  I  is  the  intermittency  or  fraction  of  time  the  material  is  present  at  the  sampler,  and  c  is  the 
mean  concentration  at  this  point.  It  fits  measurements  of  concentration  distributions  in  the  atmo¬ 
sphere  from  Jones  (1979, 1983)  and  Hanna  (1984a,b).  Both  experiments  used  a  small  source  and 
instruments  which  were  fast  enough  to  capture  most  of  the  turbulent  fluctuations  in  concentration. 
This  two  parameter  distribution  is  fully  characterized  by  the  mean  and  the  variance  and  predicting 
both  would  be  sufficient  for  determining  the  full  probability  density  function  of  concentration  at  a 
point. 
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The  Variance  in  Concentration 


Distribution  of  concentration  variance  downwind  from  a  small  source  has  been  examined 
using  various  methods.  Murthy  and  Csanady  (1971)  and  Csanady  (1973)  use  a  transport  equation 
for  concentration  variance  which  is  based  on  the  conservation  equations.  Durbin  (1980)  uses 
statistical  methods  which  require  following  the  Lagrangian  motion  of  two  correlated  particles. 
Both  techniques  result  in  a  Gaussian  crosswind  distribution  of  variance  for  small  sources,  and  a 
profile  of  fluctuation  intensity  Oc/c  which  is  a  minimum  on  the  plume  axis  and  increases  toward  the 
plume  edge.  Both  methods  show  the  centerline  value  of  cjc  depends  only  on  the  ratio  of  source 
size  to  the  Lagrangian  turbulent  integral  scale. 

Experimental  Work  in  Measuring  Concentration  Fluctuations 

In  investigating  concentration  fluctuations  we  need  temporal  records  of  concentration  taken 
with  fast  response  instruments  at  fixed  positions  relative  to  the  source.  To  apply  an  ergodic 
hypothesis,  we  require  a  steady,  continuous  source  and  we  require  stationary  atmospheric  condi¬ 
tions.  Multiple  samplers  are  required  for  fully  analyzing  the  field  of  concentration  in  the  atmo¬ 
sphere.  The  available  data  which  meet  this  criteria  are  very  limited  in  scope. 

Hanna  (1984b)  has  analyzed  data  from  a  U.S.  Army  dispersion  experiment  at  Elgin  Air 
Force  Base,  Florida.  These  data  are  taken  from  two  tests,  each  approximately  10  minutes  in  dura¬ 
tion.  A  fog-oil  smoke  generator  was  used  in  creating  a  continuous  smoke  plume  with  an  initial  size 
of  10  cm.  At  a  transect  approximately  100  m  downwind  from  the  source,  1-s  average  concentra¬ 
tions  were  measured  along  a  line  using  aerosol  photometers. 

The  mean  crosswind  profile  for  these  data  is  approximately  Gaussian  in  shape.  From  the  real 
time  records  of  concentration,  the  intermittency,  or  fraction  of  time  that  smoke  is  present,  is  only 
0.5  to  0.6  at  the  mean  plume  centerline  and  0.1  at  a  crosswind  position  of  ZOy.  The  probability 
density  for  each  sample  follows  the  exponential  distribution  for  the  fraction  of  time  that  smoke  is 
present  The  fluctuation  intensity  <5jc  at  the  plume  centerline  is  1.3  and  increases  to  5  at  a  cross- 
wind  position  of  20y. 

The  continuous  release  Kr*^  experiments  conducted  as  part  of  the  Hanford  dispersion  tests 
are  discussed  by  Nickola  (1971)  and  Ludwick  et  al.  (1968).  In  these  tests  data  from  63  samplers 
was  collected  on  two  crosswind  transects  at  a  downwind  distance  of  200  m  and  800  m.  The  data 
are  averaged  over  34.4  s  sampling  periods  which  removes  some  of  the  higher  frequency  fluctua¬ 
tions  and  biases  the  intermittency.  The  total  test  durations  are  from  ten  to  twenty  minutes. 

Ramsdell  and  Hinds  (1971)  present  an  analysis  of  four  of  these  tests.  Fluctuation  intensity 
Oc/c  in  these  tests  is  a  strong  function  of  crosswind  position  Oy,  but  not  a  strong  function  of 
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distance  from  the  source.  This  intensity  varies  from  Oc/c  =  1.4  at  y/Oy  =  0  to  Oc/c  =  3.0  at  y/Oy  = 
2.0.  Intermittency  varies  from  0.65  at  y/Oy  =  0  to  0.2  at  the  plume  edge.  Some  effects  of  the  time- 
averaged  smoothing  of  the  data  arc  also  investigated. 

In  another  dispersion  experiment,  Jones  (1979, 1983)  has  used  a  negative-ion  generator  with 
a  size  of  1  cm  and  a  single  detector  for  fast  100  Hz  measurements  of  concentration  fluctuations  in 
the  atmosphere.  Three  experiments  were  conducted.  In  each  ex|)eriment,  the  detector  was  posi¬ 
tioned  at  distances  of  2  m,  5  m,  10  m,  and  15  m  from  the  source  and  operated  for  45  minutes. 
Intermittencies  in  these  tests  varied  from  0.1  at  the  closest  distance  to  0.02  at  15  m.  This  interrr>it- 
tency  is  much  smaller  than  found  in  the  atmospheric  tests  discussed  by  Hanna  (1984b)  and  n-^y 
a  function  of  the  different  source  sizes  in  the  two  studies.  Our  rescaling  of  the  probability  distribu¬ 
tions  of  concentration  given  in  these  papers  shows  they  follow  the  exponential  probability  distribu¬ 
tion  given  in  Eq.  2.5. 

Other  published  investigations  of  concentration  fluctuations  in  simple  geometries  are  limited 
to  dispersion  in  laboratory  flows.  These  may  be  divided  into  two  groups.  One  group  considers 
dispersion  into  extended  regions  of  turbulent  flow  such  as  in  a  boundary  layer  or  in  grid  turbu¬ 
lence.  The  second  group  is  concerned  with  concentration  and  mixing  in  flows  such  as  jets  or 
wakes. 

Fackrell  (1980)  describes  a  method  of  measuring  concentration  fluctuations  in  methane  using 
a  modified  flame  ionization  detector  and  a  propane  tracer.  A  frequency  response  of  300  Hz  is 
claimed  for  this  method  and  measurements  of  concentration  spectra  with  a  -5/3  inertial  convective 
subrange  are  shown. 

Robins  and  Fackrell  (1979)  and  Fackrell  and  Robins  (1982a,b)  use  this  detector  to  study 
dispersion  from  a  ground-level  point  source  in  a  wind  tunnel  boundary  layer  over  a  rough  surface. 
This  is  intended  to  simulate  a  1:2(X)0  model  of  the  neutral  atmospheric  boundary  layer.  A  self- 
preserving  form  for  the  mean  profiles  in  the  horizontal  and  vertical  is  seen.  The  fluctuation  inten¬ 
sity  Oc/c  is  also  approximately  self-preserving  in  the  crosswind  and  vertical  planes.  The  centerline 
values  vary  from  <5jc  -  0.53  to  0.35  in  the  range  0  <  x/h  <  20  (h  is  the  boundary  layer  height)  and 
is  insensitive  to  a  range  of  source  sizes.  Cross  stream  values  of  Oc/c  approach  2  at  the  plume 
edges.  In  the  vertical  plane  the  concentration  variance  has  an  elevated  maximum  and  decreases 
near  the  surface.  The  intermittency  is  one  at  the  surface  centerline  and  decreases  with  crosswind 
distance  and  distance  from  the  surface.  The  probability  distribution  of  concentration  is  nearly 
Gaussian  near  the  surface  plume  centerline  and  approaches  an  exponential  form  near  the  plume 
edges. 

These  wind  tunnel  dispersion  results  have  lower  values  of  Oc/c  than  the  comparable  atmo¬ 
spheric  measurements.  They  also  do  not  show  the  effect  of  intermittency  at  the  plume  centerline. 
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Wilson  et  al.  (1982,  1985)  attributes  this  difference  to  the  low  frequency  variation  in  wind  direc¬ 
tion  which  is  found  in  the  atmosphere  but  is  absent  from  the  wind  tunnel  studies. 

Becker  et  al.  (1967)  describes  a  light  scattering  method  for  quantifying  smoke  concentration 
in  laboratory  flows  at  frequencies  of  up  to  10  kHz.  Experimental  results  are  discussed  by  Becker 
et  al.  (1966)  for  dispersion  from  a  small  source  in  the  core  region  of  a  turbulent  pipe  flow.  The 
mean  profile  and  concentration  variance  was  found  to  follow  a  self-preserving  profile  when  scaled 
by  the  plume  width  o;r-  The  fluctuation  intensity  increased  fiom  near  cjc  =  1 .0  at  r/Oj  =  0  to  Oc/c 
=  5  at  the  plume  edge  and  was  not  a  strong  function  of  distance  from  the  source. 

Gad-el-Hak  and  Monon  (1979)  studied  dispersion  of  smoke  from  a  point  soiuce  downstream 
from  grid  turbulence  using  a  laser  light  scattering  technique.  This  method  was  used  at  frequencies 
up  to  5000  Hz.  Self  preserving  forms  were  found  for  the  mean  and  variance  in  concentration  as  a 
function  of  radial  position  rlOj.  The  concentration  fluctuation  intensity  increased  fix)m  0.^'  at  the 
plume  centerline  up  to  2.0  near  r/o^  =  2.0.  The  intermittency  was  unity  for  r/Or  <1.0  but  decreased 
at  greater  crosswind  distances. 

Dispersion  in  single-length-scale  flows  includes  measurement  of  scalar  fields  of  temperature 
or  concentration  in  a  jet  or  wake.  This  is  different  from  the  previous  cases  because  the  turbulent 
region  is  limited  by  the  width  of  the  jet  or  wake.  Freymuth  and  Uberoi  (1973)  measured  the 
temperature  wake  behind  a  heated  sphere.  Turbulent  jet  measurements  have  been  made  by 
Shaughnessy  and  Morton  (1977)  and  Becker  et  al.  (1967)  using  an  aerosol  smoke  and  an  light 
scattering  detection  technique.  Measurements  in  a  methane  jet  using  Raman  spectroscopy  were 
made  by  Birch  et  al.  (1978). 

In  all  these  cases,  a  self  preserving  region  for  the  jet  or  wake  concentration  profile  was 
found.  Centerline  scalar  fluctuation  intensity  varied  from  0.2  to  0.5.  An  off-axis  maximum  in 
scalar  variance  is  found.  This  is  located  near  the  position  of  maximum  mean  scalar  gradient. 
Intermittency  on  the  axis  of  symmetry  for  these  experiments  was  always  unity  and  decreased  with 
off-axis  position.  Probability  distributions  of  concentration  measured  by  Birch  (1978)  varied  from 
a  near  Gaussian  profile  near  the  jet  centerline  to  an  exponential  distribution  with  an  explicit 
intermittency  closer  to  the  edge  of  the  jet 

Spectral  Behavior  of  Concentration  Variance 

The  spectral  behavior  of  scalars  such  as  concentration  and  temperature  variance  at  high 
frequencies  is  similar  to  the  behavior  of  velocity  spectra  in  high  Reynolds  number  flow.  A  theory 
for  the  smallest  scales  of  motion  associated  with  velocity  fluctuations  in  turbulence  was  developed 
by  A.  N.  Kolmogorov  in  1941.  This  theory  postulates  a  universal  spectral  function  for  turbulent 
kinetic  energy.  In  this  small-scale  rar.  :;e  the  velocity  structure  is  locally  isotropic,  or  independent 
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of  orientation,  and  depends  only  on  the  rate  at  which  energy  reaches  the  small  scales  e  = 


vOJuj/dxj+duj/dxi)^  and  the  kinematic  viscosity  v  of  the  fluid.  Scales  of  length  T]  =  (v/e)^/'^,  and 
velocity  v  =  (ve)ri4  and  time  t  =  (v/e)l/2  formed  with  these  two  quantities  are  called  the 
Kolmogorov  microscales. 

The  power  spectra  of  turbulent  kinetic  energy  in  these  small  scale  ranges  (the  size  distribution 
of  eddies)  follows  a  universal  function  when  nondimensionalized  by  the  Kolmogorov  microscales. 
If  the  range  of  eddy  sizes  is  large,  KoLnogorov  also  suggests  the  existence  of  a  subrange  in  which 
there  is  neither  viscous  dissipation,  nor  energy  input  from  the  mean  flow,  but  only  inertial  interac¬ 
tion  between  eddies.  In  this  inertia’  subrange,  the  kinetic  energy  spectrum  E(k)  must  be  indepen¬ 
dent  of  viscosity,  since  dissipation  is  negligible,  and  the  spectra  must  match  with  the  equilibrium 
spectra  at  small  viscous  wavenumbers.  Using  the  definition  of  T)  and  i)  this  gives 

E  (K)  =  -u^  Ti  a  [  Ti  K  ]  a  (2.6) 

so  the  power  spectrum  exhibits  a  -5/3  power  law  behavior  for  wavenumbers  in  the  inertial 
subrange.  The  one-dimensional  single-sided  velocity  spectra  Suu  in  the  mean  flow  direction  will 
follow  the  same  dimensional  arguments  to  give 

Suu(K)  =  «!  (2.7) 

Measurements  of  Suu  niay  be  related  to  the  kinetic  energy  spectra  in  the  inertial  subrange  using  a\ 
=  (55/1 8)a  from  Batchelor  (1953,  Eq.3.4.18).  Using  equations  valid  for  homogeneous  turbu¬ 
lence  (see  Panofsky  and  Dutton,  1984,  p.97),  we  have  the  relation  Svv(k)  =  Sww(k)  =  (4/3)Suu(k)' 
Gibson  and  Schwartz  (1963)  have  found  the  constant  a  to  be  1.34  ±  0.06  from  analysis  of  grid 
nirbulence  data  from  several  different  authors. 

Scalar  spectra  of  concentration  (and  temperature)  will  exhibit  an  inertial-convective  range  if 
the  Reynolds  number  is  large  enough  for  an  inertial  subrange  to  exist  for  the  kinetic  energy  spectra. 
From  Corrsin  (1951)  the  concentration  spectra  are  scaled  as 

Ec(k)  =  /J/V  e  (2.8) 

where  N  =  ®(^c/9xi)(8c/9xi)  the  dissipation  rate  of  concentratior.  variance  and  )3  is  a  proportional¬ 
ity  constant  (see  Tennekes  and  Lumley,  1972).  This  inertial-convective  subrange  is  independent  of 
the  dissipation  scales  v  and  D.  A  similar  expression  for  the  one-dimensional  concentration  spectra 
may  also  be  written  with  a  different  coefficient  P\  following  the  notation  for  velocity  spectra. 
Gibson  and  Schwarz  (1963)  have  measured  the  spectra  of  concentration  in  grid  turbulence  which 
follows  the  -5/3  power  law  scaling.  At  higher  frequencies  where  the  effect  of  dissipation  is 
evident,  the  exact  shape  of  the  spectra  depends  on  the  Schmidt  number  Sc  =  v/CD  for  concentration 
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or  the  Prandtl  number  Pr  =  v/a  for  temperature.  This  equilibrium  range  of  the  scalar  spectra  is 
discussed  by  Batchelor  (1959). 

In  addition  to  the  universal  high  frequency  behavior  of  concentration  spectra,  there  is  a  lower 
frequency  behavior  which  depends  on  the  geometry  of  the  flow.  This  latter  subject  has  not  been 
well  investigated  previously;  one  intent  of  the  present  smdy  is  to  quantify  this  behavior  for  disper¬ 
sion  from  a  point  source  in  the  atmosphere. 

Relative  Dispersion 

A  problem  of  dispersion  which  is  closely  related  to  concentration  fluctuations  is  the  concept 
of  relative  dispersion,  where  the  concern  is  in  following  an  expanding  cluster  of  particles  or  puff  of 
pollutant  in  a  Lagrangian  coordinate  system.  Examination  of  the  dispersion  with  respect  to  the 
centroid  of  the  puff  requires  consideration  of  correlated  motion  within  the  cluster.  Many  of  the 
same  statistical  techniques  for  examining  relative  dispersion  have  application  in  examining  concen¬ 
tration  fluctuations  as  shown  by  Durbin  (1980). 

In  the  Eulerian  frame  of  reference  and  considering  only  stationary  meteorological  conditions, 
instantaneous  puff  behavior  is  directly  related  to  the  behavior  of  a  continuous  plume  released  from 
the  same  source.  In  both  cases  the  average  probability  of  an  element  of  pollutant  leaving  the  source 
and  arriving  at  a  given  sampling  location  is  the  same.  This  average  probability  represents  a  mean 
concentration  normalized  by  the  the  source  strength  of  either  the  continuous  plume  or  the  sum  of 
many  individual  puffs. 

Predictions  of  puff  sizes  about  a  moving  centroid  are  based  on  the  average  behavior  of  many 
individual  puffs.  This  average  size  is  much  smaller  than  the  average  width  of  a  continuous  plume 
release  from  the  same  source  because  the  wandering  component  of  the  plume  is  removed  in  the 
averaging  about  the  puff  centroid.  Experiments  in  measuring  relative  dispersion  have  used  either 
fast  moving  sampling  probes  which  traverse  the  plume  or  photographs  of  a  visible  plume.  In  both 
types  of  measurements  the  instantaneous  profile  is  ensemble  averaged  about  a  moving  plume 
centroid.  Smith  and  Hay  (1961)  and  Michelson  (1983)  have  found  Oy^r  =  0.2  Oy  for  a  range  of 
dispersion  distances  near  a  small  source.  The  value  Oy  is  the  plume  width  with  respect  to  fixed 
centroid,  although  Oy ^  is  the  width  with  respect  to  the  moving  center  of  mass. 

It  is  possible  to  define  fluctuating  concentrations  with  respect  to  the  relative  plume  centroid. 
Murthy  and  Csanady  (1971)  describe  an  experimental  test  of  relative  diffusion  in  Lake  Huron. 
Fluorescent  dye  is  dispersed  in  an  underwater  current  Ruorometers  measured  crosswind  profiles 
of  the  downwind  plume  which  were  then  ensemble  averaged  with  respect  to  a  moving  plume 
centroid.  The  mean  profile  in  these  experiments  is  nearly  Gaussian  and  the  profile  of  Oc/c  appears 
to  fr>llow  a  universal  profile  scaling  using  y/Oyj.  Centerline  values  of  Oc/c  =  0.3  were  found. 
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This  increased  near  the  edge  of  the  plume.  No  measurements  of  the  absolute  plume  location  or 
width  were  made. 

2.2  The  Atmosphere 

As  a  prelude  to  a  discussion  of  the  theory  of  atmospheric  dispersion,  we  require  a  discussion 
of  flow  and  turbulence  in  the  atmosphere.  The  earth’s  atmosphere  consists  of  a  100-km  deep 
envelope  of  gases  and  vapors  which  surround  the  planet.  All  of  the  weather  on  the  earth  is 
contained  in  the  lowest  20  km  of  this  layer.  Flow  in  the  lower  atmosphere  is  nearly  always  turbu¬ 
lent. 

The  earth  receives  radiant  energy  from  the  sun,  which  heats  the  earth  and  the  atmosphere. 
Varying  latitudes,  different  rates  of  absorption  of  energy  over  different  land  surfaces,  oceans,  and 
the  reflection  of  energy  from  constantly  moving  clouds  causes  the  solar  heath  p  l  ■>  vary  over  the 
planet  siuface.  Global  and  local  winds  result  from  this  differential  rate  of  heating,  carrying  colder, 
higher  density  air  toward  warmer,  lower  density  regions.  Coriolis  forces  from  the  earth's  rotation 
and  geographic  features  on  the  surface  modify  the  atmospheric  flow. 

The  transport  of  water  vapor  and  thermal  energy  through  the  atmosphere  and  the  mixing  of 
these  by  turbulence  is  a  major  factor  in  the  weather.  This  transport  and  mixing  results  in  local 
conditions  of  clouds,  precipitation,  or  clear  weather.  This,  in  turn,  wiU  affect  the  larger  wind 
patterns  through  variations  in  local  solar  heating  rates. 

As  in  all  turbulent  flows,  various  scales  of  motion  exist  in  the  atmosphere.  These  scales  of 
motion  may  range  from  global  patterns  down  to  local  and  instantaneous  fluctuations  in  wind  speed 
and  direction.  Division  of  these  scales  of  motion  is  shown  in  Table  2.1  which  is  drawn  from 
Stem,  et  al.  (1973). 


Table  2. 1  Scales  of  motion  in  the  atmosphere 


Name 

Time  scale 

Horizontal  scale 

Vertical  scale 

Microscale 

1  second  - 1  hour 

Inun- 1  km 

1mm  -  10m 

Mesoscale 

1  hour  -  12  hour 

1km-  100  km 

10  m  - 1  km 

Macroscale 

12  hour  -  1  week 

100  km  -  hemisphere 

1  km  -  20  km 

Different  mechanisms  are  responsible  for  maintaining  turbulent  motion  in  each  of  the  above 
ranges  in  scale  (Randerson,  1984).  In  the  macroscale  region,  instabilities  are  caused  by  the  latitu¬ 
dinal  variation  in  solar  heating.  Mesoscale  turbulence  may  be  caused  by  the  latent  heat  release  in 
cloud  formation,  flow  over  topographical  features  such  as  cities  or  islands,  and  from  flow  over 
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surfaces  which  vary  in  surface  character,  such  as  in  coastal  areas  or  mountains.  In  the  microscale 
region,  unstable  flow  is  caused  by  horizontal  and  turbulent  wind  shear,  surface  roughness,  and 
thermal  instability.  A  nomagram  of  these  sources  of  turbulent  motion  and  their  scales  are  shown  in 
Figure  2.1. 

The  instability  and  turbulence  in  the  microscale  region  are  fairly  well  characterized,  being 
dominated  by  thermal  stratification  and  ground-induced  mechanical  turbulence.  During  periods  of 
overcast  weather,  buoyancy  forces  in  the  atmosphere  may  be  small.  Any  turbulence  near  the 
surface  is  caused  by  mechanical  friction  at  the  ground  surface  and  the  atmosphere  is  considered  to 
be  neutrally  stable.  Under  clearer  conditions  during  the  day  the  surface  is  warmed  by  solar 
radiation  which  results  in  an  unstable  stratification  of  the  atmosphere  near  the  surface.  At  night 
under  clear  skies  the  surface  cools  due  to  heat  loss  to  the  night  sky.  This  results  in  a  stable  atmo¬ 
spheric  stratification. 

The  solar  heat  flux  to  the  surface  varies  with  the  time  of  day.  This  changes  the  degree  of 
instability  in  the  atmosphere,  so  that  it  is  considered  a  non-stationary  system.  Time-averaged 
means  and  moments  in  non-stationary  systems  appear  to  depend  on  the  size  of  the  averaging  inter¬ 
val  and  also  fluctuate  from  sample  to  sample.  This  is  known  as  the  "drift  of  the  mean"  and  violates 
necessary  assumptions  for  stationary  flow  (Kampe  de  Feriet,  1974). 

This  effect  can  be  circumvented  according  to  Monin  and  Yaglom  (1971  v.l,  p.  419-421),  if 
averages  are  taken  for  specified  synoptic  conditions  (i.e.,  specified  "weather"),  for  a  specified 
season,  and  a  specified  time  of  day.  The  averages  must  be  taken  over  an  interval  considerably 
longer  than  the  characteristic  period  of  the  large  eddies  in  the  flow  for  relatively  stable  averages  to 
be  obtained. 

In  the  surface  layer  of  the  atmosphere  over  uniform  terrain  these  eddies  have  time  scales  on 
the  order  of  tens  of  seconds  so  that  ten  to  twenty  minute  averages  (of  wind  and  temperature,  for 
example)  will  be  relatively  stable.  When  the  averaging  period  is  extended  to  more  than  several 
hours,  the  mean  values  again  exhibit  fluctuations  due  to  long  period  variations  in  synoptic  condi¬ 
tions. 

An  illustration  of  this  spectral  gap  is  given  in  Figure  2.2  using  two  sample  spectra  of  a  long¬ 
term  record  of  horizontal  wind  speed.  These  data  are  taken  from  van  der  Hoven  (1957)  and  our 
measurements  at  Camp  Atterbury.  The  magnitude  of  the  kinetic  energy  is  influenced  by  the 
sampling  height,  but  is  similar  in  shape  for  both  cases.  A  gap  in  the  spectra  is  shown  at  a 
frequency  equivalent  to  a  time  duration  near  1  hr.  A  similar  gap  is  found  in  measurements  by 
Walker  (1965),  Kaimal  et  al.  (1976),  and  Hpjstrup  (1982).  This  gap  is  responsible  for  the  validity 
of  assuming  stationary  conditions  in  the  microscale.  It  does  not  occur  for  all  synoptic  conditions. 
Exceptions  include  the  periods  when  or  during  which  weather  fronts  or  storms  are  passing  through 
the  area,  or  rapid  transition  periods  such  as  those  that  exist  just  after  dawn  or  at  dusk. 
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1  day 
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Latitudinal  variations  in  solar  heating 


Diurnal  heat  flux  variation 

Topological  flow  over 
mountains,  cities 

Thunderstorms  and 
frontal  systems 


Thermal  instability 
convection  cells 


Mechanical  shear  induced  at  the 
surface 


Dissipation  time  scales 


Figure  2. 1  Time  scales  in  atmospheric  turbulence  for  sources  and  sinks  of 
turbulent  energy. 
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Figure  2.2  Spectra  of  the  horizontal  wind  speed.  This  plot  shows  the  mesoscale  gap  in  energy  which  permits  the 
quasi-stationary  analysis.  The  vertical  scale  is  linear. 


2.3  The  Atmospheric  Boundary  Layer 


A  boundary  layer  exists  in  the  atmosphere  above  the  surface  for  a  wide  variety  of 
meteorological  conditions.  This  boundary  layer  may  be  due  to  mechanical  drag  at  the  surface  or 
due  to  convective  noixing  above  the  surface. 

Since  most  sources  of  pollutants  in  the  atmosphere  are  contained  within  the  atmospheric 
boundary  layer  (including  our  own  ground  level  tracer  sources),  predicting  the  dispersion  of  pollu¬ 
tants  requires  an  understanding  of  the  behavior  of  the  wind  within  this  layer.  This  includes  a 
knowledge  of  both  the  mean  and  fluctuating  wind  components,  as  well  as  the  variables  and 
parameters  which  affect  the  behavior  of  the  wind. 

In  the  atmosphere,  the  boundary-layer  depth  varies  with  time  throughout  the  day  and  night. 
It  may  range  fiom  several  meters  to  several  kilometers  in  height.  The  free  stream  velocity  above 
the  layer  is  driven  by  a  balance  of  pressure  and  Coriolis  forces  in  a  geostrophic  flow.  In  periods 
other  than  at  dawn  or  dusk,  or  near  mesoscale  events  such  as  thunderstorms  or  weather  fronts, 
conditions  can  often  be  taken  to  be  approximately  stationary  over  time  periods  of  tens  of  minutes  to 
several  hours,  and  a  simple  steady- state  boundary-layer  analysis  is  possible. 

The  vertical  temperature  gradient  is  an  important  indicator  in  the  atmospheric  boundary  layer. 
Because  temperature  alone  is  not  a  measure  of  the  potential  energy  of  a  parcel  of  air,  the  potential 
temperature,  defined  by 


e  =  T 


j 


(2.9) 


is  often  used  (Panofsky  and  Dutton,  1984).  The  values  of  T  and  P  are  measured  at  the  same 
height,  and  Pqo  =  1000  mb  by  definition.  The  potential  temperature  would  be  the  temperattire 
achieved  in  bringing  the  parcel  of  air  to  1000  mb  in  an  isentropic  process.  The  approximation 

0  =  T(Zq) +-j^[z-ZQ]  (2.10) 

is  sometimes  used  in  finding  the  potential  temperature.  Near  the  surface  this  gives  an  adiabatic 
lapse  rate  of  -0.0098  K/m. 

With  both  turbulence  and  thermal  gradients  present  in  the  atmosphere,  the  Reynolds  number 
Re  =  uTA',  and  the  Richardson  number 


^_(g/e)Oe/9z) 

(3ux/9z  )^ 


(2.11) 
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are  both  important  dimensionless  parameters.  Turbulent  flow  in  the  atmosphere  yields  very  large 
Reynolds  numbers.  In  the  definition  of  Re  we  have  used  the  fluctuating  velocity  u'  and  the  turbu¬ 
lent  integral  scale  C  as  scaling  values,  along  with  the  kinematic  viscosity  v.  Tne  Richardson 
number  requires  the  the  buoyancy  parameter  g/0,  and  the  vertical  gradients  in  potential  temperature 
(dS/dz)  and  mean  velocity  (dux/dz). 

The  Richardson  number  is  associated  with  buoyancy  effects  in  the  flow  and  is  an  important 
indicator  for  the  presence  of  turbulent  flow.  For  Ri  <  0.21  flow  is  generally  turbulent.  The 
Richardson  number  is  a  function  of  height  from  the  surface.  Several  other  scaling  parameters  are 
used  to  more  completely  quantify  the  turbulence  near  the  ground.  One  of  these  is  the  Monin- 
Obhukhov  length  L.  This  is  approximately  given  by  Ri  =  z/L  in  the  unstable  surface  layer  accord¬ 
ing  to  Colder  (1972). 

For  cases  in  which  the  buoyancy  effects  are  negligible  and  d6/dz  =  0,  conditions  in  the  atmo¬ 
sphere  are  neutral.  Neutral  conditions  occur  most  often  on  very  overcast  days  or  nights  in  higher 
latitudes.  Much  more  common  are  conditions  of  unstable  flow,  which  occur  ve’tical  tempera¬ 
ture  gradients  which  decrease  at  a  greater  rate  than  for  neutral  conditions,  and  stable  conditions  for 
which  the  opposite  is  true. 

In  clear  weather  during  daylight  hours,  most  of  the  warming  of  the  atmosphere  occurs  at  the 
ground,  which  is  heated  by  radiation  from  the  sun.  This  results  in  an  unstable  stratification  of  the 
atmosphere  near  the  ground,  a  negative  Richardson  number,  and  a  convective  boundary  layer.  The 
warm,  more  buoyant  air  at  ground  level  rises,  and  cooler  air  at  higher  levels  replaces  the  displaced 
warm  air.  This  results  in  a  constant  churning  of  the  atmosphere  with  very  good  mixing  rates  of 
pollutants,  tracers,  and  contaminants  throughout  the  mixing  layer. 

Conversely,  on  clear  nights  the  ground  cools  much  faster  than  the  atmosphere  due  to  radia- 
tional  exchange  between  the  ground  and  the  sky.  This  results  in  a  stable  stratification  of  air. 
Turbulence  from  mechanical  friction  at  the  surface  is  suppressed,  and  the  mixing  rates  of  contami¬ 
nants  in  the  atmosphere  are  greatly  reduced. 

For  the  atmosphere,  in  stationary  conditions  and  over  flat  uniform  terrain,  the  state  of  the 
boundary  layer  can  be  characterized  by  a  bulk  stability  parameter  h/L,  where  h  is  the  depth  of  the 
boundary  layer  and  L  is  the  Monin-Obhukhov  length.  The  Monin-Obhukhov  length  L  is  the  ratio 
of  the  mechanically  generated  turbulent  energy  to  that  produced  by  buoyancy.  The  magnitude  of  L 
indicates  the  approximate  height  below  which  shear  generated  turbulence  dominates  tlie  flow. 

The  boundary  layer  height  h  is  the  total  depth  over  which  momentum  or  energy  are  trans¬ 
ferred.  In  near-neutral  conditions  with  h/L  ~  0,  we  have  h  =  Sinjf,  where  /  is  the  Coriolis 

parameter  and  the  proportionality  constant  is  in  the  range  of  0. 15  to  0.25  according  to  Panofsky 
and  Dutton  (1984).  In  unstable  conditions  Deardorff  (1972)  shows  that  u,//is  not  a  controlling 
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parameter  for  h/L  <  -1.5  and  the  boundary  layer  height  is  usually  well  defined  by  a  temperature 
inversion  at  h  =  Zj  which  is  called  the  mixing  height.  In  stable  conditions  for  which  h/L  >  0  the 
boundary  layer  height  may  be  taken  as  the  height  above  which  Ri  >  0.21. 

2.3.1  Unstable  Boundary  Layer 

A  nomagram  for  the  various  scaling  regions  in  the  unstable  boundary  layer  over  flat,  uniform 
terrain  is  reproduced  in  Figure  2.3,  which  is  based  on  several  plots  from  Olesen  et  al.  (1984)  and 
Holtslag  and  Nieuwstadt  (1986).  This  logarithmic  plot  indicates  the  various  scaling  regions  for 
unstable  (h/L  <  0)  flow,  along  with  pertinent  parameters  in  each  of  the  regions,  which  will  be 
discussed  in  the  following  sections.  The  unstable  atmospheric  boundary  layer  is  fairly  well 
characterized  and  has  been  extensively  studied.  The  diagonal  lines  in  the  figure  indicate  constant 
values  of  h/L.  For  a  particular  h/L,  the  changing  scaling  regimes  for  different  levels  of  height  z 
within  the  boundary  layer  are  found  along  the  given  h/L  line.  Most  quantities  in  the  boundary  layer 
will  scale  with  the  indicated  quantities  within  each  regime.  The  regions  in  this  nomagram  include 
the  surface  layer,  the  near  neutral  upper  layer,  the  mixed  layer,  the  convective  matching  layer,  and 

the  entrainment  layer.  Scaling  parameters  for  these  regions  will  be  discussed  in  later  sections. 

In  the  convective  boundary  layer,  time  scales  are  on  the  order  of  (zj/w*),  which  for  typical 

atmospheric  conditions  is  about  five  minutes.  This  convective  time  scale  is  much  less  than  the  time 
scale  of  the  diurnal  variations  in  the  boundary  conditions  imposed  by  the  inversion  height  Zi,  the 
surface  heat  flux  H,  or  changes  in  the  geostrophic  pressure  field.  With  this  ratio  of  time  scales,  the 
boundary  layer  structure  quickly  adjusts  to  changing  boundary  conditions  and  a  quasi-steady  state 
exists,  according  to  Kaimal  et  al.  (1976). 

2.3.2  Stable  Boundary  Layer 

Stable  boundary  layers  develop  over  land  due  to  nocturnal  cooling  of  the  ground.  In  the 
early  development  of  this  layer,  beginning  at  dusk  over  land,  buoyancy  forces  suppress  the  turbu¬ 
lence  generated  due  to  shear  at  the  ground,  and  limit  the  momentum  transfer  between  the  surface 
and  upper  levels  of  air.  This  creates  a  stagnant  layer  at  the  ground.  With  continued  evolution  of 
the  boundary  layer,  the  vertical  velocity  gradient  increases  to  a  point  of  instability,  and  a  resultant 
mixing  of  the  cooler  ground  level  air  through  a  greater  depth  of  the  atmosphere  occurs.  Part  of  the 
instability  is  due  to  restoring  buoyancy  forces,  so  that  wave  motion  is  supported  and  coexists  with 
the  turbulent  fluctuations.  In  an  ideal  situation  without  shear  and  a  constant  (potential)  temperature 
gradient  with  height,  this  wavelength  is  determined  by 
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h/L 


Figure  2.3  Nomagram  for  scaling  in  the  idealized  unstable  atmospheric  boundary 
layer.  Notation,  scaling  regimes,  and  parameters  are  discussed  in  the 
text.  Division  of  the  scaling  regions  in  the  above  graph  is  fairly 
arbitrary  and  may  be  subject  to  other  interpretations. 
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(2.12) 


T  dz  , 


1/2 


which  is  the  Brunt- Vaisala  frequency  (see  Pasquill  and  Smith,  1983). 
Richardson  number  through 


Ri  = 


;  au  f 

laz  J 


This  is  related  to  the 


(2.13) 


Occasionally,  in  higher  level  boundary  layer  measurements,  a  dominant  wavelength  is  measured 
which  corresponds  to  the  Brunt- Vaisala  frequency  found  using  a  bulk  temperature  gradient. 
Closer  to  the  ground  where  wind  shear  and  a  changing  temperamre  gradient  exist,  ^bv  can  vary 
considerably  with  height. 

The  behavior  of  the  stable  boundary  layer  throughout  its  depth  is  poorly  understood  in 
comparison  with  the  unstable  boundary  layer.  Some  regions  of  the  stable  layer  can  be  intermittent, 
with  alternating  periods  of  turbulent  air  from  below  and  smooth  laminar  air  from  above  arriving  at 
a  given  height  The  evolution  of  the  stable  boundary  layer  is  very  slow,  without  a  true  steady  state 
ever  being  reached.  Zeeman  (1979)  states  that  the  evolution  time  scale  of  the  stable  boundary  layer 
is  often  longer  than  the  the  duration  of  the  stable  nighttime  regime,  so  that  the  present  state  of  a 
nocturnal  boundary  layer  depends  on  past  development.  Models  of  the  stable  layer  are  usually 
qualitative  in  nature  due  to  the  lack  of  confirming  experimental  data,  especially  in  the  upper  levels 
of  the  atmosphere. 

A  nomagram  for  the  scaling  in  the  idealized  stable  boundary  layer  is  given  in  Figure  2.4. 
This  nomagram  is  based  mainly  on  information  from  Holtslag  and  Nieuwstadt  (1986)  and  Olesen 
et  al.  (1984).  The  surface  layer  and  the  near  neutral  upper  layer  shown  in  this  plot  also  are  found 
for  the  unstable  boundary  layer.  The  z-less  layer,  the  intermittency  region,  and  the  low  turbulence 
region  are  also  shown  in  this  nomagram.  Nieuwstadt  (1984)  subdivides  the  z-less  layer  into  an¬ 
other  region  of  local  scaling.  The  information  in  this  nomagram  is  much  more  arbitrary  than  that  in 
the  same  plot  for  unstable  flow,  as  much  of  the  similarity  theory  in  stable  flow  lacks  experimental 
evidence  for  its  validity. 


2.3.3  Velocity  and  Temperature  Scaling  in  the  Atmospheric  Boundary  Layer 

For  a  flow  which  is  homogeneous  in  planes  parallel  to  the  ground,  boundary  layer  behavior 
may  be  characterized  by  the  vertical  profiles  of  velocity  and  temperature,  and  the  driving  forces 
which  influence  these  profiles,  mainly  mechanical  shear  at  the  surface,  and  the  positive  or  negative 
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Figure  2.4  Nomagram  for  scaling  in  the  idealized  stable  atmospheric  boundary 
layer.  Notation,  scaling  regimes,  and  parameters  are  discussed  in  the 
text.  Division  of  the  seeing  regions  in  the  above  graph  is  very 
arbitrary  due  to  a  lack  of  confirming  experimental  data. 
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heat  flux  at  the  surface.  For  various  regions  and  conditions  of  the  boundary  layer,  many  quanti¬ 
ties,  such  as  the  mean  velocity  and  temperature,  will  scale  with  the  quantities  indicated  in  each  of 
the  regions  of  Figures  2.3  and  2.4. 


A  good  starting  point  for  the  atmospheric  boundary  layer  analysis  is  the  similarity  theory  of 
Monin  and  Obhukhov  (1954)  which  applies  in  the  surface  layer  of  the  atmosphere  adjacent  to  the 
ground.  This  is  the  most  easily  studied  and  best  documented  boundary  layer  region.  The  surface 
layer  occurs  for  nearly  all  conditions,  both  stable  and  unstable,  in  which  an  atmospheric  boundary 
layer  exists.  Most  of  the  mean  gradient  in  wind  speed  and  mean  potential  temperature  occur  in  this 
part  of  the  boundary  layer.  Goverrung  equations  and  assumptions  in  this  theory  are  discussed  by 
Calder  (1966).  In  this  analysis,  the  Coriolis  force  due  to  the  rotation  of  the  earth  is  neglected,  as 
well  as  radiative  heat  transfer  within  the  layer  itself.  Begiruiing  with  the  mean  Reynolds  equations, 
an  idealized  situation  is  assumed,  such  that  the  statistics  of  the  atmosphere  are  invariant  in  time  and 
are  homogeneous  in  surfaces  parallel  to  the  ground.  The  mean  velocity  is  assumed  to  be  in  the  x 
direction  with  zero  mean  flow  in  the  other  coordinate  directions.  For  these  assumptions,  and  using 
conditions  of  symmetry,  a  coupled  set  of  three  ordinary  differential  equations  is  found.  The  first  is 

dUx  — r  't2x(z  =  0)  n  ^A\ 

V— A  -  u'  u'  =  -  (2.14) 

dz  *  ^  P 


(2.14) 


where  is  the  total  stress,  consisting  of  both  Reynolds  and  viscous  stress,  and  is  constant 
throughout  the  surface  layer.  The  energy  equation  yields 

dT  K~r  H  (  z  =  0 ) 

=  — (2.15) 


(2.15) 


where  H  is  the  vertical  heat  flux,  and  like  is  constant  throughout  the  surface  layer  and  consists 
of  both  a  conductive  term  and  a  Reynolds  flux.  The  momentum  equation  in  the  z  coordinate  direc¬ 
tion  is  given  by 


Piz  \\  dz  T.  8 

with  Tg  as  an  average  temperature  taken  over  a  horizontal  plane. 

In  these  equations,  we  define  groups  of  dimensional  terms,  such  that 


(2.16) 


(2.17) 
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This  set  of  equations  contains  the  five  independent  groups  of  dimensional  parameters  gA'a.  v, 
a,  u,,  and  T,.  Neglecting  the  molecular  dissipation  gives 


u^  =  —  =  u'  u’ 

p  “  X  “  Z 

(2.20) 

and 

Qo  =  e'Uz’ 

(2.21) 

or 

T  -  -H  .  -0V 

*  pCpU.  U* 

(2.22) 

so  that  one  possible  method  for  finding  these  scaling  quantities  in  the  surface  layer  comes  from 

directly  measuring  the  fluctuating  correlations  of  velocity  and  temperature.  The  remaining  three 
dimensional  parameters  are  g/T*,  u*,  and  T*.  A  length  scale  formed  from  the  above  scales  is 


u!t.  _  pCpU^T. 
/t  gT,  k 


(2.23) 


where  L  is  the  Monin  -  Obhukhov  length  scale,  and  k  is  von  Karmans  constant  (k  =  0.4).  The 
Monin  -  Obhukhov  length  scale  is  the  ratio  of  the  mechanical  turbulent  energy  to  that  produced  by 
buoyancy.  In  neutral  conditions,  L  — >  «  and  shear  stresses  dominate  the  entire  depth  of  the 
boundary  layer.  For  unstable  conditions  L  takes  on  negative  v  alues,  whereas  it  is  positive  for 
stable  conditions.  The  Monin-Obhukhov  length  is  directly  related  to  the  Richardson  number. 
Colder  (1972)  shows  Ri  =  z/L  is  valid  in  unstable  conditions.  Randerson  (1984)  summarizes 
other  empirical  relations  between  Ri  and  z/L  in  a  wider  range  of  atmospheric  conditions. 

Using  the  three  groups  L,  u*,  and  T„  which  are  assumed  constant  within  the  surface  layer 

(g/Tg  is  not  constant),  as  well  as  the  height  z  the  similarity  relations  of  Monin  and  Obhukhov 
(1954)  follow.  For  the  vertical  gradient  of  velocity, 

=  function  [  u„  T*,  L,  z  ]  (2.24) 
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This  function  consists  of  five  groups  o  terms  in  three  uimensions  (length,  time,  and 
temperature).  Nondimensionalization  of  these  groups  will  yield  two  independent  terms.  One 
choice  of  terms  is 


which  can  be  arrangeo  as 


k  z  dUx 
u.  dz 


and 


L 


k  z 

u*  dz 


(2.25) 


and  similarly  for  the  gradient  in  mean  temperature. 


k  z 

T, 


dT 

dz 


=  <!>>. 


(2.26) 


where  <}>„,  and  <}>},  are  both  universal  functions  which,  in  practice,  are  found  empirically.  Integrating 
these  equations  yields 


and 


-  Vin(z/L.  Zg/L) 


f  z  ) 

T(z)=:To  +  0.74T, 

in 

[zoJ-'l'h<z/L.VL) 

(2.27) 


(2.28) 


where  the  integrated  values  ym  and  yh  convey  the  same  information  as  ())„,  and  (]>},.  This  is  known 
as  the  log-linear  profile  and  is  found  in  thermally  stratified  flow.  A  nevv  parameter,  zo,  the  rough¬ 
ness  height,  results  from  this  integration.  For  neutral  conditions,  this  analysis  yields  a  logarithmic 
velocity  profile. 

Empirical  forms  for  the  functions  ym  and  yh  have  been  given  by  Paulson  (1970),  Dyer  and 
Hicks  (1970),  and  Busingei  et  al.  (1971)  as  functions  of  z/L.  Benoit  (1977)  and  Nickerson  aiid 
Smiley  (1975)  improve  these  functions  by  including  the  effect  of  surface  roughness.  These  func¬ 
tions  allow  us  to  estimate  values  of  u,  and  T*  from  mean  profile  measurements  of  velocity  and 

temperature.  In  effect  the  functions  y^  and  yh  are  the  result  of  closure  approximations  of  Qo  = 

0Uz'/u,  and  u*  =  Ux'Uz’  in  flat  terrain.  These  functions  are  valid  in  the  surface  layer  within  a  height 
for  which  the  original  assumptions  still  hold.  In  nearly  all  cases  this  includes  heights  up  to  z  =  ILI, 
below  which  mechanically  generated  turbulence  dominates. 

In  addition  to  the  mean  profiles  of  tempierature  and  velocity,  the  vertical  variance  should  also 
follow  surface  layer  scaling.  An  empirical  expression  from  Panofsky  et  al.  (1977)  for  unstable 
conditions  is 
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^  =  1.25 
u* 


1-3 


a/3 

r) 


(2.29) 


A  similar  expression  is  given  by  Hpjstrup  (1982)  as  a  weak  function  of  the  inversion  height. 
According  to  Panofsky  and  Prasad  (1965),  no  Monin-Obhukhov  scaling  is  evident  for  Ou  or  Oy, 
both  of  which  appear  to  be  constant  with  height.  These  variances  are  affected  by  upper  level 
velocity  fluctuations  which  extend  into  the  surface  layer.  Spectral  representation  of  the  velocity 
variance  as  shown  by  Hpjstrup  (1982)  best  illustrates  this  effect.  In  the  vertical  coordinate  the 
velocity  fluctuations  are  constrained  to  be  smaller  than  the  distance  to  the  surface  and  are  amend¬ 
able  to  the  first-order  closure  of  Monin-Obhukhov  scaling. 


Boundary  Laver  Height 

Above  the  surface  layer,  the  only  additional  parameter  found  in  the  nomagrams  of  Figures 
2.3  and  2.4  is  the  height  of  the  boundary  layer.  This  value  will  dictate  the  applicable  scaling 
regions  for  the  upper  levels  of  the  boundary  layer. 

In  a  boundary  layer  without  a  net  vertical  exchange  of  heat,  L  and  the  boundary  layer  is 
neutral.  The  height  of  the  frictional  boundary  layer  in  r’as  case  is  taken  at  an  arbitrary  limit  for 
which  surface  friction  effects  on  the  mean  flow  are  neg’igible,  usually 

h  =  ^-j  (2.30) 

The  Coriolis  parameter/ governs  the  free  stream  flow  above  the  boundary  layer,  where  pressure 
gradients  balance  the  Coriolis  forces.  In  middle  latitudes  /  =  10-^  Hz.  Panofsky  and  Dutton 
(1984)  give  j?  in  the  range  of  0.15  to  0.25.  In  actuality,  neutral  flow  occurs  most  often  over  the 
sea.  It  sometimes  occurs  over  land  in  cloudy  conditions  with  very  high  wind  speeds,  but  this  is  a 
rare  occurrence.  More  often  there  are  weak  vertical  temperature  gradients  which  produce  only 
near-neutral  conditions  over  land. 

Unstable  conditions  produce  a  mean  vertical  potential  temperature  profile  which  decreases  as 
a  function  of  height,  so  the  gradient  d0/dz  is  negative.  Increasing  from  the  ground,  at  a  height  h  = 
Zi,  a  temperature  inversion  occurs  (the  vertical  potential  temperature  gradient  changes  sign),  which 
effectively  caps  the  vertical  mixing.  Turbulent  measures,  such  as  the  velocity  variances  or  joint 
correlations  of  velocity  and  temperature,  decrease  markedly  through  this  inversion  height. 

The  boundary  layer  height  is  best  measured  directly,  through  radiosonde  measurements  or 
acoustic  soundings.  In  the  morning  and  early  afternoon,  the  inversion  height  may  be  estimated 
from  the  intersection  of  the  morning  vertical  potential  temperature  profile  with  the  surface  potential 
temperature  at  the  desired  time.  This  method  has  been  used  by  Benkley  and  Schulman  (1979),  and 
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Holzworth  (1967)  for  estimating  inversion  heights  in  air  pollution  studies.  Garrett  (1981)  uses  an 
initial  vertical  profile  measurement  and  knowledge  of  the  surface  level  heat  flux  history  in  a  model 
for  calculating  inversion  heights. 

In  stable  conditions,  the  boundary  layer  height  is  marked  by  a  strongly  capped  mechanically 


mixed  layer.  Above  this  level  quantities  such  as  O'uj  or  u^Uz  become  very  small.  It  is  most  accu¬ 
rate  to  measure  this  height  directly  through  atmospheric  soundings.  Alternatively,  Randerson 
(1984)  gives 


h 


=  0.4 


u,  L 

T“ 


a/2 


(2.31) 


as  one  estimate.  Pasquill  and  Smith  (1983)  show  the  proportionality  constant  in  this  equation 
varies  between  0.2  to  0.7,  and  it  decreases  with  progressive  evolution  of  the  boundary  layer.  Yu 
(1978)  claims  this  equation  to  be  valid  in  the  range  5  <  u*  L//<  45,  which  includes  conditions  of 

slight  to  moderate  atmospheric  stability. 


Near  Neutral  Upper  Laver 


For  conditions  with  a  small  temperature  gradient  through  the  boundary  layer,  where  Ih/LI  is 
small  (because  L  is  large)  the  surface  layer  scaling  will  persist  through  much  of  the  boundary  layer. 
Above  this  region,  we  have  a  near  neutral  upper  layer  in  which  inversion  height  has  an  effect  on 
limiting  the  size  of  turbulent  eddies,  and  the  controlling  parameters  include  all  the  surface  layer 
parameters  in  addition  to  the  inversion  height  Zj  in  unstable  conditions,  or  h  in  stable  conditions. 
The  near  neutral  upper  layer  is  most  likely  to  exist  in  cases  of  high  wind  speeds  over  land.  At 
heights  near  Zj,  or  for  greater  vertical  temperature  gradients,  this  layer  is  not  well  characterized. 

A  logarithmic  velocity  profile  may  persist  throughout  the  boundary  layer  in  neutral  conditions 
with  z/L  -  4  0.  Most  of  the  velocity  gradient  will  be  within  the  surface  layer.  This  is  given  by 


(2.32) 


and  typically  requires  -0.01  <  Ri  <  0.01,  where  Ri  is  the  Richardson  number.  Typically,  the 
roughness  height  zq  varies  from  10-2  m  for  mown  grass  to  .2  ~  .99  m  over  woodland  forests  or 
medium  sized  suburban  buildings,  although  values  as  high  as  10m  are  possible  in  amongst  tall 

buildings.  Flat  terrain  will  show  a  logarithmic  profile  throughout  the  boundary  layer.  In  complex 
terrain,  both  zo  and  u*  will  depend  on  the  observation  height,  and  possibly  on  the  wind  direction, 

according  to  Panofsky  and  Dutton  (1984).  For  example,  in  gently  rolling  terrain  the  velocity 
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measured  closest  to  the  ground  (~1  m)  will  depend  mainly  on  surface  vegetation,  but  at  higher 
levels  the  value  will  be  affected  by  shallow  hills. 

An  interesting  effect  in  the  boundary  layer  is  the  turning  of  the  mean  wind  direction  with 
height,  or  Ekman  flow,  which  is  due  to  the  increasing  effect  of  the  Coriolis  acceleration  at  higher 
wind  velocities  and  greater  heights.  In  the  atmosphere,  this  is  most  likely  to  be  evident  in  neutral 
conditions.  Ekman  layer  flow  is  generally  not  important  at  the  downwind  dispersion  distances  we 
are  studying,  but  it  may  be  important  at  distances  of  a  few  tens  of  kilometers. 

Variances  in  the  neutral  boundary  layer,  denoted  by  and  are  aU  functions  of  u* 

only.  Using  a  logarithmic  wind  law  yields 

Qu(z)  _  k  2.39 
u^(z)  ln(z/zQ) 


gv(z)  ^  k  1.92 
u^(z)  ln(z/Zo) 

qw(z)  ^  k  1.25 
ln(z/zQ) 


(2.34) 


(2.35) 


in  a  summary  of  various  flat  terrain  sites,  from  Panofsky  and  Dutton  (1984),  where  we  have  k  = 
0.4,  and  k  is  the  von  Karman  constant.  The  coefficients  in  these  equations  agree  with  wind  tunnel 
measurements  in  neutral  boundary  layers.  In  rolling  terrain,  the  coefficients  for  and  Oy  are 
larger  by  a  factor  of  up  to  2,  but  the  value  for  the  vertical  coordinate  retains  the  same  coefficient. 
We  note  that  for  even  slightly  unstable  stratification,  the  values  of  Oy  and  Ou  become  independent 
of  height,  and  do  not  follow  these  relations. 


The  greatest  fraction  of  daytime  conditions  in  the  atmospheric  boundary  layer  over  land  are 
convective.  Upper  level  regimes  in  the  unstable  boundary  layer  include  the  mixed  layer  and  the 
convective  matching  layer.  In  a  numerical  model  of  the  convective  boundary  layer  Deardorff 
(1970a)  scales  turbulent  velocity  and  temperature  fluctuations  in  the  mixed  layer  by 

_  1/3  j-  1/3 

w,=  (u,e)(,  =  ^ZiOo  (2.36) 

where  z  =  Zj  is  the  inversion  height  and  w,  is  the  convection  velocity.  A  convective  temperature 
scale  is  given  by 
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/ 


-1/3 


(2.37) 


e* 


This  scaling  also  appears  to  apply  in  turbulent  Rayleigh  convection  with  -Zi/L  ->  o®  and  u*  =  0, 

according  to  Deardorff  (1972),  given  that  z,  is  the  distance  between  rigid  horizontal  plates.  For 
laboratory  and  atmospheric  measurements  to  agree,  the  product  of  Raleigh  number  and  Prandtl 

number  in  the  laboratory  must  be  sufficiently  large  for  the  flow  to  be  fully  turbulent 
Using  the  definition  of  w*  and  u*  we  can  get 


w* 


z. 

1 


1/3 


(2.38) 


as  a  relation  between  the  two  values.  From  this  we  see  that  the  only  mixed  layer  parameter  not 
used  in  the  surface  layer  is  zj. 

Between  the  mixed  layer  and  the  surface  layer  we  have  a  convective  matching  layer.  In  this 
range  z,  is  not  a  valid  scaling  parameter  and  free  convection  dominates  the  flow.  A  velocity  seating 
parameter  in  this  region  is  given  by 


= 


1/3 

1/3 

L  Ta  J 

L  'r*  J 

1/3 


(2.39) 


which,  as  shown,  can  be  recast  in  terms  of  the  convection  velocity  w,  and  the  dimensionless 
height  in  the  boundary  layer. 

Mean  velocity  in  these  layers  shows  very  tittle  gradient;  the  greatest  change  occurs  within  the 
surface  layer.  In  the  entire  mixed  layer,  the  mean  temperature  is  slightly  lower  than  in  the  surface 
layer,  and  the  heat  flux  Qo  can  be  assumed  constant  within  the  boundary  layer.  Errors  in  this 
assumption  come  from  mixing  within  the  entrainment  layer.  In  very  convective  conditions,  Ou  = 
Ov  =  0.6w,  throughout  the  boundary  layer,  even  near  the  ground.  The  value  of  Ow  remains  a 

function  of  height.  An  examination  of  atmospheric  measurements  by  Liljegren  (1989)  shows  a 
maximum  of  between  0.35w*  to  0.42w,  at  a  height  of  ~0.35z/zi.  The  value  of  Ow  decreases  to 

very  small  values  at  the  surface. 


Stable  Boundary  Laver 


Turbulence  in  stable  conditions  in  generated  at  the  ground  within  the  surface  layer.  In  the 
early  evening,  some  upper  level  turbulence  may  be  present  within  the  region  of  the  unstable 
boundary  layer  of  the  previous  day.  The  fluctuating  velocities  in  these  stable  conditions  may  be  an 
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order  of  magnitude  smaller  than  in  daytime  unstable  conditions.  Because  of  these  small  values, 
dimensionless  scaling  often  produces  a  ratio  of  two  small  numbers,  with  a  resultant  low  degree  of 
accuracy. 

Above  the  surface  layer,  a  z-less  scaling  region  may  be  found.  In  this  region,  radiational  heat 


transfer  between  the  local  air  and  the  surroundings  may  not  be  negligible,  so  that  Qo  =  -6'Uz'  is  a 
function  of  height  This  heat  transfer  is  primarily  in  the  infrared  range  and  is  locally  affected  by  the 
presence  of  water  vapor  and  carbon  dioxide,  as  well  as  cloud  cover  and  the  surface  boundary. 
Nieuwstadt  (1984)  proposed  a  local  Monin-Obhukhov  length  scale  in  this  region  of 


k  (g/0a)Uz’e' 


(2.40) 


which  uses  the  local  values  of  the  momentum  (-u'xui )  and  heat  (-u^ ' )  fluxes,  and  gives  the  rela- 


(2.41) 


for  scaling  within  this  region. 

Flow  within  the  stable  atmosphere  may  become  uncoupled  at  different  heights.  The  mean 
wind  in  the  stable  atmosphere  may  be  at  independent  speeds  and  independent  directions  at  different 
heights.  An  interesting  phenomena  which  sometimes  occurs  within  the  stable  boundary  layer  is  the 
noctiunal  jet,  which  is  a  layer  of  air  with  a  velocity  greater  than  the  overlying  geostrophic  wind. 
The  phenomena  may  be  due  to  an  imbalance  between  lateral  pressure  gradients  and  the  Coriolis 
forces.  It  usually  occurs  on  clear  nights  over  gradually  sloping  mesoscale  terrain. 

Variances  in  the  nocturnal  boundary  layer  are  best  examined  through  a  spectral  representa¬ 
tion.  In  this  representation,  low  frequency  wanderings,  on  the  order  of  10  to  30  minutes  occur  in 
wind  speed  and  direction.  These  wanderings  occur  even  for  Ri  >  0.21,  so  they  are  not  associated 
with  turbulence,  but  are  gravity  waves  associated  with  a  stably  stratified  fluid.  Flow  with  mixed 
turbulence  and  gravity  waves  is  not  well  understood. 


Additional  information  on  the  velocity  variance  can  come  from  a  spectral  representation 


(K)  dK 


(2.42) 
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which  is  somewhat  more  insightful  for  determining  the  origins  of  the  velocity  fluctuations  and 
assessing  errors  in  a,  while  sampling  for  only  a  limited  time  period. 

At  smaller  scales,  Kolmogorov's  theory  postulates  an  inertial  subrange  in  high  Reynolds 
number  flows,  such  as  in  the  atmospheric  boundary  layer.  This  may  be  represented  as 

Suu(Kx)  =  (2.43) 


With  Taylor's  hypothesis,  K*  =  27in/ux.  a  frequency  representation  can  be  equivalent  to  a  Eulerian 
wavenumber  formulation.  After  nondimensionalization  using  surface  layer  parameters  (Kaimal  et 
al.,  1972),  this  may  be  written 


n  Suu ( n ) 


a. 


(2%k) 


2/3 


.2/3  ^  -2/3 
<>E  I 


(2.44) 


where  <1)e  =  ^  ze  /  u^  is  the  dimensionless  dissipation  rate  for  turbulent  energy.  Frequencies  in  this 


representation  are  scaled  by  f  =  nz/uj,  where  the  wavelength  of  an  eddy  is  given  by  Ux/n.  The 
value  n  is  the  frequency  in  Hertz  and  Ux  is  the  mean  wind  speed.  With  this  scaling  measured 
spectra  in  the  surface  layer  collapse  to  a  inertial  subrange  at  higher  frequencies,  but  separate  at 
lower  frequencies  as  a  function  of  zIL.  Velocity  spectra  of  v  and  w  also  show  the  same  inertial 
subrange  dependence,  and  the  relation  of  Sw(n)  =  Sww(n)  =  (4/3)Suu(n)  which  follows  from  equa¬ 
tions  valid  in  homogeneous  turbulence  (Panofsky  and  Dutton,  1984,  p.97). 

This  scaling  has  also  been  applied  in  the  mixed  layer  by  Kaimal  et  al.  (1976)  using 


n  S 


uu,w,ww 


(n) 


w 


W'^ 


=  Cf 


-2/3 


(2.45) 


where  C  is  a  constant  coefficient,  \|/e  =  eT/gQo  is  the  dimensionless  dissipation  rate  in  the  mixed 
layer,  and  fi  is  the  dimensionless  frequency  nzi/ux.  Mixed  layer  data  shown  in  these  units  show 
collapse  to  a  single  relation  following  an  inertial  subrange  with  the  same  4/3  dependence  on  the 
coefficient  C,  as  in  surface  layer  scaling.  There  is  still  a  z/zi  dependence  at  lower  frequencies. 

A  model  for  the  velocity  spectra  in  unstable  through  neutral  conditions  including  low 
wavenumbers  is  given  by  Hpjstrup  (1982)  for  the  surface  layer  in  unstable  conditions.  This  model 
is  formulated  as  the  sum  of  two  parts,  one  which  covers  the  higher  frequency  mechanically  gener¬ 
ated  shear  turbulence  and  another  modeling  the  lower  frequency  buoyancy  produced  turbulence. 
The  form  of  the  model  is  the  sum  of  two  spectra 

nS„,,  (n)  =  A„  ^  (  f. )  w^  B„ ,,  (  f )  u^  (2.46) 
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where  the  first  term  is  scaled  by  the  convective  velocity  w*,  the  second  term  is  scaled  by  the  fric¬ 
tion  velocity  u,,  and  fj  =  nzjAix.  where  Zi  is  the  inversion  height 

We  can  use  the  definition  of  w,  and  u,  to  remove  w*  from  the  above  equation. 


(2.47) 


to  get 


(2.48) 


after  absorbing  the  Kolmogorov  constant  k  into  the  function  Au.v. 

For  the  vertical  component  a  similar  sum  is  used,  except  without  dependence  of  the  convec¬ 
tive  A  term  on  z,. 


Hfijstrup  (1982)  extends  the  range  of  this  model  up  to  z  =  O.Szj,  while  maintaining  agreement 
in  the  surface  layer,  using  suitable  choices  for  the  functions  A  and  B  to  agree  with  meteorological 
data  taken  in  Minnesota  in  1973  (Kaimal,  1978,  and  Kaimal  et  al.,  1976)  and  Kansas  in  1968 
(Kaimal  et  al.,  1972).  This  fitting  gives  A  and  B  as  functions  of  z/zj,  z/L,  and  frequency. 

At  the  unstable  boundary  layer  interface  given  by  Zi,  there  is  entrainment  and  mixing  of  fluid 
between  the  underlying  unstable  flow  and  the  stable  stratification  of  the  overlying  air. 
Measurements  near  the  top  of  the  surface  layer  are  difficult  to  accomplish,  and  there  is  not  a  great 
deal  of  available  data  on  the  entrainment  process.  Intermittency  between  turbulent  and  relatively 
nonturbulent  fluid  is  important  in  this  layer.  Kaimal  et  al.  (1976)  presents  a  discussion  on  the 
physics  and  entrainment  effects  of  buoyant  thermals  in  the  unstable  layer  as  they  reach  the  capping 
inversion.  There  is  evidence  that  the  effects  of  entrainment  may  affect  temperature  and  velocity 
spectra  in  the  entire  upper  half  of  the  unstable  boundary  layer. 
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3.  THE  THEORY  OF  TURBULENT  DISPERSION 


In  the  analysis  of  turbulent  dispersion,  we  are  interested  in  the  transport  of  gases,  vapors,  or 
small  particles  through  the  atmosphere.  When  these  items  are  passively  dispersed  by  the  flow,  this 
may  be  almost  entirely  a  kinematic  problem,  one  in  which  the  characteristics  of  the  dispersion  relate 
to  the  characteristics  of  the  turbulence.  We  can  consider  the  material  of  interest  as  a  fluid  marker, 
so  that  the  primary  problem  is  to  determine  the  transport  of  marked  fluid  elements  by  the  velocity 
field. 

With  a  complete  specification  for  the  field  of  velocity  Ui(x,t),  determining  the  evolution  of  the 
field  of  concentration  c(x,t)  would  be  possible  for  a  specified  source  of  passive  material  using  the 
Eulerian  species  equation 


dt  >  dx.  9x2 


(3.1) 


Because  Ui(x,t)  is  a  locally  correlated  but  random  velocity  field,  we  instead  resort  to  statistical 
approaches  for  solving  this  problem.  One  method  is  to  solve  a  simplified  form  of  the  Navier- 
Stokes  equation  and  use  the  resulting  velocity  field  in  the  species  equation.  Another  approach  is  to 
attempt  to  simplify  the  species  equation  directly,  possibly  in  a  first-order  gradient-transport  closure 


(3.2) 


and  look  for  suitable  forms  for  %  in  an  analogy  to  molecular  diffusion.  Closure  may  also  be 
accomplished  by  approximating  higher-order  terms  and  moments. 

In  a  parallel  type  of  solution  method,  we  may  use  the  set  of  Lagrangian  conservation  equa¬ 
tions  for  fluid  motion  (Kao,  1984).  In  this  set  of  equations,  the  nonlinear  advection  term  found  in 
the  Eulerian  conservation  equations  disappear,  but  the  pressure  force,  molecular  diffusion  terms, 
friction,  and  heat  conduction  terms  are  nonlinear.  This  results  in  a  much  more  complicated  set  of 
Lagrangian  conservation  equations  than  the  more  familiar  Eulerian  equations.  For  species  conser¬ 
vation  equation,  however,  we  have 


f 


dt 


=  0 


(3.3) 


if  diffusion  is  neglected  and  L  indicates  the  Lagrangian  form.  From  Eq.  3.3  we  see  that  elements 
of  fluid  marked  with  a  given  concentration  will  retain  that  value  in  the  evolving  flow.  For  the  large 
turbulent  Reynolds  number  (u'/7v)  and  mass  Pecl€t  number  (u'ff'D)  flows  in  which  we  are  inter- 
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ested,  the  assumption  of  negligible  diffusion  is  reasonable.  In  estimating  dispersion,  averages  are 
taken  from  a  large  ensemble  of  independent  Lagrangian  particle  trajectories. 

The  modeling  approaches  in  this  chapter  will  focus  on  the  results  of  both  simple  closure  of 
the  Eulerian  species  equation  and  the  statistical  techniques  for  handling  Lagrangian  particle  or 
marked  fluid  trajectories.  The  chapter  begins  with  a  basic  analysis  of  Brownian  diffusion  in  the 
Eulerian  and  Lagrangian  frames  of  reference  in  Section  3.1.  The  analysis  of  turbulent  dispersion  is 
covered  in  Section  3.2,  followed  by  a  summary  of  applied  mean  dispersion  models  in  Section  3.3. 
Models  for  concentration  fluctuations  are  covered  in  two  sections.  Section  3.4  introduces  statisti¬ 
cal  analysis  techniques  used  in  analysis  of  the  spatial  characteristics  of  relative  cloud  dispersion.  In 
section  3.5  several  analysis  techniques  are  used  in  studying  point  concentration  statistics.  The 
variance  in  concentration  is  analyzed  using  both  the  statistical  techniques  and  gradient  closure 
methods.  Derivations  for  probability  distributions  of  point  concentrations  are  also  presented. 

3.1  Brownian  Diffusion 

A  distinction  is  made  between  molecular  diffusion  (or  Brownian  motion)  and  turbulent 
dispersion.  Diffusion  is  a  mixing  of  molecular  species  or  aerosol  particles  by  the  random  thermal 
motion  of  the  molecules.  Turbulent  dispersion  is  a  dilution  in  a  fluid  of  one  material  into  another 
that  is  controlled  by  the  fluctuations  in  velocity  of  a  turbulent  flow.  A  brief  discussion  of 
Brownian  diffusion  will  illuminate  many  of  the  necessary  assumptions  made  in  turbulent  disper¬ 
sion. 


3.1.1  The  Diffusion  Equation  and  the  Langevin  Equation 


The  species  conservation  equation  for  constituent  A  is  given  by 

a^c 


dc  dc 

^  +  U.  ^ 

^  9x2 


(3.4) 


where  the  mass  concentration  c  [mass/unit  volume]  is  equal  to  the  partial  density  Pa-  For  a  one 
dimensional  geometry  in  a  uniform  medium  at  rest  we  have 

dc 


a^c 


(3.5) 


With  an  initial  condition  of  c  =  q  5(x)  at  t  =0,  the  solution  to  Eq.  3.5  is  given  by 

r  2  '' 

Q 

c  =  —  ^  exp 


2V  TtDt 


V 


4'Dt  ) 


(3.6) 
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or,  with 


=  2®t 


(3.7) 


where  o  is  a  measure  of  the  material  spread  we  find  the  solution  to  Eq.  3.5  is  the  Gaussian  distri¬ 
bution  given  by 


c 


q 

V  2  7C  o 


f 

exp 

V 


2 


(3.8) 


We  may  examine  the  range  of  validity  of  the  diffusion  solution  using  Langevin's  equation. 


dv 

dt 


=  -  Pv  +  j?  ( t ) 


(3.9) 


which  represents  the  acceleration  of  a  single  particle  undergoing  Brownian  motion  in  a  Lagrangian 
coordinate  system  moving  with  the  particle.  The  velocity  of  the  particle  is  v,  the  systematic  term 
-Pv  represents  the  drag  force  on  the  particle,  here  governed  by  Stoke’s  law,  where 


P  = 


tiJtrp 

m 


(3.10) 


and  m  is  the  particle  mass,  r  is  the  particle  radius  and  p.  is  the  viscosity  coefficient  of  the  fluid.  The 
term  M.t)  is  a  random  term,  due  to  the  fluctuations  in  collisions  with  the  surrounding  molecules. 
This  random  term  varies  rapidly  in  comparison  with  variations  in  v  and  it  is  assumed  that  J^t)  is 
independent  of  v. 

Integrating  Langevin's  equation  yields 

t 

v  =  Vq  exp  ( -  P  t  )  +  exp  ( -P  t )  Jexp  ( -  p  t' )  ( t' )  dt’  (3.1 1) 

0 


The  Lagrangian  velocity  correlation  of  Eq.  3. 1 1  is 


=exp(-PT) 


(3.12) 


where  the  only  contribution  is  from  the  systematic  term,  and  using  Taylor  (1921),  we  have 


a^(t)  =  2v2 


t  1 


P 


1  -  exp  ( -  P  t  ) 


(3.13) 


for  the  mean  square  displacement.  It  is  possible  to  use  Eq.  3.13  directly  in  the  solution  given  in 
Eq.  3.8  for  all  times  t  (the  connection  will  be  shown  in  Section  3.2.1).  A  constant  diffusion  coef¬ 
ficient  ®  is  only  found  for  large  t  where 
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Using  (5^  =  20t  leaves 


o2=2Zt 

P 


(3.14) 


®  = 


P 


(3.15) 


Equation  3.15  implies  that  all  velocity  steps  are  uncorrelated.  A  random  walk  model  will 
yield  the  same  result  assuming  that  particle  velocities  are  uncoirelated  and  move  in  independent 
steps  (see  Chandrasekhar,  1943).  This  corresponds  to  the  Langevin  equation  with  t  >  1/p.  Such  a 
solution  also  follows  directly  from  initial  assumptions  and  the  central  limit  theorem,  which  states 
that  the  sum  of  a  large  number  of  identically  distributed  random  variables  has  a  Gaussian  probabil¬ 
ity  density  (see  van  Kampen,  1981). 

From  the  Langevin  equation  analysis  we  see  that  the  diffusion  equation  which  uses  a  constant 
value  of  2?  for  Browruan  motion  is  valid  for  time  intervals  over  which  the  velocities  of  individual 
particles  are  uncorrelated  and  can  be  assumed  to  be  random.  This  time  scale  is  the  relaxation  time 
of  the  particle  over  which  the  inertial  effects  of  the  initial  imposed  velocity  vq  becomes  negligible, 
or  t  »  1/p.  This  requires  that  concentration  changes  measured  over  a  distance  on  the  order  of  the 

relaxation  distance  V^/P  are  neglected  and  the  mass  per  unit  volume  is  given  as  c  =  AM/l^with 
the  averaging  volume  no  smaller  than 


(3.16) 


This  'Stosszahlansatz'  or  random  phase  averaging  (see  van  Kampen,  1981,  p.58)  is  a  drastic 
step  which  removes  the  irrelevant  small  scale  fluctuations  and  leads  to  a  differential  equation  for  the 
slower  macroscale  diffusion  phenomena.  For  Brownian  motion,  this  restriction  does  not  present  a 
great  problem  because  the  rapidly  varying  quantities  found  at  these  small  scales  are  often  not  of 
interest  In  turbulent  dispersion,  however,  with  Lagrangian  integral  scales  of  velocity  tL  replacing 
the  Brownian  particle  time  constant,  disperion  is  imporant  within  the  correlated  region  for  t  <  tt. 


3.1.2  Relating  the  Stochastic  Theory  and  the  Diffusion  Equation 

In  the  diffusion  problem  a  connection  between  the  random  walk  solution  and  the  differential 
equation  can  be  made  before  completely  solving  the  random  walk  problem.  First  we  arc  interested 
in  the  probability  density  function  p(x',t)  that  the  point  x'  is  within  marked  fluid  at  time  t,  where 
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marked  fluid  simply  includes  a  fraction  of  the  passively  dispersing  particles  of  interest.  At  an 
earlier  time  to  the  distribution  of  material  is  given  by  p(x,to),  and 


)dx 


Jp(  x’,t)  dx’  =  1 


(3.17) 


from  the  definition  of  a  probability  density  function,  and  the  integration  is  over  all  space. 
Concentrations  are  given  by 


c(x,t)  =  qp(x,t)  (3.18) 

where  q  is  the  total  mass  of  material.  We  need  to  relate  p(x,to)  to  p(x',t).  Given  the  transition 
probability  density  function  yfx  -  x',t  I  to),  the  displacement  (x  -  x’)  at  time  t  of  a  single  particle 
released  at  to  is 

p(x,t)  =  f  p(x',tQ)  v(x  -  x’,t  I  tp)  dx’  (3  19) 


where  again  the  integration  is  over  all  space.  This  Smoluchowski  equation  describes  the  evolution 
of  the  probability  distribution  of  a  cloud  of  particles  in  time.  A  general  solution  of  this  equation  is 
given  by  Wang  and  Uhlenbeck  (1945).  We  show  a  sonoewhat  less  general  approach. 

For  the  diffusion  problem,  the  transition  probability  density  function  v(X,t  I  to)  is  given  by 
the  Gaussian  distribution  (Csanady,  1973) 


\jr(x  -  x',  t 


*0  ^ 


[  4n  ®  ( At )] 


,3/2 


exp 


2 

ix-x'f 

4©<t-to)^ 


(3.20) 


where  t  -  to  is  long  enough  for  an  individual  particle  to  experience  a  large  number  of  independent 
displacements,  but  with  the  displacement  (x  -  x’)  still  small.  In  terms  of  only  the  displacement 
differences  and  in  one  dimension  only. 


\|r  ( Ax  I  At )  = 


2-J  n  2)(At) 


exp 


2  ^ 
(Ax)^ 

4!D(At)  ^ 


Using 


p(x,t+At)  =  I  p(x-Ax,t)  t|r(Ax  I  At )  d(Ax) 


(3.21) 


(3.22) 


and  a  Taylor  series  expansion  of  p(x-Ax,t),  we  obtain 
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oo 

p(x,t+At)  =  —  ^  I  exp 

2Vn2)(At)  J 


Ax'^ 

4!Z3(At) 


]  I  p(x.t)  -  Ax  ^  -  ...  I  d(Ax)  (3,23) 


Integrating  gives 


p(x,t+At)  =  p(x,t)  +  DAt— ^  +  0(At^) 

ax2 


(3.24) 


Approximating  to  first  order  yields 


^  ^  p(x,t)  -  p(x.tQ)  _ 
at  At  "  3^2 


(3.25) 


and  with  p(x,t)  proportional  to  concentration  c(x,t),  this  is  the  1-D  diffusion  equation.  Equation 
3.25  is  also  known  as  the  Fokker-Plank  equation.  In  it  we  see  the  relation  between  the  Lagran^jian 
and  Eulerian  frames  of  reference.  Chandrasekhar  (1943)  shows  the  same  derivation  for  the  more 
general  3-D  diffusion  equation. 

3.1.3  General  Solutions  of  the  Diffusion  Equation 


A  three-dimensional  solution  of  the  diffusion  equation 


3t  9x^  9y^  9z^ 


may  be  found,  as 


[■/  2  7t  of 


20^  20^ 


(3.26) 


(3.27) 


which  is  a  superposition  of  the  three  one-dimensional  solutions,  q  is  now  an  instantaneous  point 
soiffce  in  units  of  mass,  and  =  22)1.  A  solution  for  convection  of  this  point  source  in  a  uniform 


wind  field  Ut  in  the  x  direction  is 


(y  2na) 


(  X  -  u^t  )^  +  y^  + 

2^2 


(3.28) 


Isopleths  of  concentration  for  this  geometry  arc  spherical  surfaces  centered  at  (u^t,  y,  z). 

A  solution  for  a  continuous  point  source  is  found  by  integrating  over  a  series  of  instanta¬ 
neous  sources  released  sequentially  in  time. 
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Tv'O  distinct  types  of  analysis  are  possible  in  turbulent  dispersion.  In  an  Eulerian  analysis 
we  are  primarily  interested  in  the  probable  concentration  found  at  fixed  points  of  the  flow  field. 
For  the  Lagrangian  analysis,  we  inquire  into  the  probable  distribution  of  the  diffusing  material  with 
respect  to  points  A-hich  follow  the  turbulent  fluid  motion. 

The  application  of  either  type  of  analysis  depends  on  the  ratio  of  the  scale  of  the  turbulence  to 
that  of  the  linear  size  of  a  cloud  of  dispersing  material.  When  the  ratio  is  small,  the  boundary  of 
the  marked  fluid  undergoes  small-scale  distortion,  but  the  center  of  mass  of  the  cloud  is  approxi- 
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mately  stationary  (with  respect  to  any  mean  flow)  and  an  Eulerian  analysis  is  sufficient  (this  was 
the  case  for  the  previous  Brownian  diffusion  problems  for  t  >  1/(3).  For  such  conditions,  the  posi¬ 
tional  characteristics  of  the  cloud  with  respect  to  a  fixed  position  may  be  built  up  from  the  motion 
of  a  single  particle.  Conversely,  when  the  scale  of  the  turbulence  is  much  larger  than  the  cloud 
size,  a  Lagrangian  type  of  analysis  is  necessary  for  quantifying  the  relative  cloud  size.  This  anal¬ 
ysis  separates  the  motion  of  multiple  points  within  the  evolving  cloud  from  the  translation  of  the 
whole  cloud. 

For  a  continuously  emitting  fixed  point  source,  interest  is  primarily  in  dispersion  relative  to 
the  source.  In  the  atmosphere,  where  the  spatial  scale  of  turbulence  is  often  greater  than  the  width 
of  the  continuous  plume,  this  is  appropriate  only  for  averages  taken  over  a  period  of  time  much 
longer  than  the  time  scale  of  the  turbulence.  Over  shorter  time  periods,  values  of  concentration  at 
fixed  points  are  likely  to  vary  considerably  from  the  long-term  average.  The  plume  will  also 
wander  around  the  path  defined  by  the  mean  trajectory.  For  this  case,  the  Eulerian  analysis  is 
unable  to  explain  short  term  values,  and  a  more  complex  method  is  needed. 

3.2.1  Mean  Concentrations  in  Turbulent  Dispersion 


We  are  first  concerned  with  the  long-term  average  behavior  of  a  continuous  smoke  plume. 
For  the  mean  concentration  in  a  turbulent  flow,  after  Reynold's  decomposition  of  the  species 
conservation  in  a  turbulent  flow  we  have 


dt 


‘  0X. 
1 


3u'.c’ 

1 

dx. 


+  (D 


d  C 

dx^ 

J 


(3.35) 


where  primes  indicate  fluctuating  quantities  and  overbars  indicate  ensemble  averages.  Neglecting 
the  molecular  diffusion  term  and  replacing  the  term  containing  the  joint  moment  of  concentration 
and  velocity  by  a  gradient  transfer  term  such  as 


or 


I 


d  u'.  c' 
1 

dx. 


I 


(3.36) 


(3.37) 


gives  a  result  similar  to  the  equation  for  molecular  diffusion 


dc 


_  dc 
dx. 


=  A. 

dx. 


(3.38) 
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which  is  a  first  order  closure  approximation  to  the  species  conservation  equation. 

Richardson  (1926),  in  this  type  of  analysis  has  attempted  to  define  values  of  9^,  but  found 
that  values  vary  over  a  range  of  a  billion  to  one  in  different  atmospheric  flow  geometries.  The 
value  of  !Ki  is  shown  to  grow  with  the  scale  of  the  dispersing  cloud  of  material.  While  ac-theory  is 
shown  to  be  adequate  for  some  aspects  of  the  atmospheric  dispersion  problem,  such  as  vertical 
dispersion  in  the  surface  layer  (Nieuwstadt  and  van  Ulden,  1978),  the  broad  range  of  values  is 
not  suitable  for  a  general  solution. 

A  problem  with  this  method  parallels  that  of  Stosszahlansatz  or  random  phase  averaging  in 
the  diffusion  equation.  To  assume  a  value  of  3Q  which  is  independent  of  time  requires  that  we 
restrict  the  analysis  to  scales  much  larger  than  that  of  the  Lagrangian  integral  scale  of  the  turbu¬ 
lence,  so  that  particle  dispersion  is  composed  of  many  independent  spatial  segments.  In  the  atmo¬ 
sphere,  however,  dispersion  is  often  important  at  distances  smaller  than  sizes  associated  with  the 
largest  eddies  in  the  flow 

For  more  insight  into  the  problem,  we  use  the  statistical  theory  presented  by  Batchelor  (1949) 
and  use  the  Lagrangian  description  for  the  species  equation.  We  can  refer  to  marked  fluid  as 
constant  concentration  particles  if  Brownian  and  molecular  diffusion  are  neglected.  In  determining 
the  mean  concentration  from  a  continuous  source,  we  first  look  at  a  puff  of  marked  fluid  from 
which  a  continuous  plume  may  eventually  be  found  by  integrating  over  a  series  of  sequentially 
released  puffs.  The  problem  is  to  determine  the  distribution  of  mean  concentration  at  fixed  points 
downwind  from  a  source  in  an  Eulerian  analysis.  Consider  an  initial  blob  of  marked  fluid,  where 
p(x',to)  is  the  probability  density  function  for  finding  marked  fluid  at  time  to,  for  any  location  x'. 
We  have 

J  p  (  X',  t )  dx’  =  1  (3.39) 


for  any  time  t,  and  the  integration  is  over  all  space.  The  mean  center  of  the  concentration  field  is 
given  by 


Cj  ( t )  =  J  X.  p  (  X,  t )  dx' 

(3.40a) 

=  Ci(0)  +  1 

k 

(x.  -  x'. )  (  X  -  x',  1 1  tp  )  dx' 

(3.40b) 

=  c.(0)  +  X.(t) 

and  the  spread  is  given  by  the  tensor 

(3.40c) 

d  it)  = 

>j '  "  1 

f  (x.  -  c.  )(Xj  -  c.)  p(x,  t )  dx’ 

(3.41a) 

=  d.j(0)  -HX,(t)Xj(t) 

(3.41b) 
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We  need  the  probability  density  function  p(x,t)  that  the  point  x  is  within  marked  fluid  at  time,  t  If 
\|r(X,t  I  to)  is  the  transition  probability  density  function  of  the  displacement  X  =  x  -  x'  in  time  t, 

then 

p(  X,  t )  =  I  p  (  x',  tg  )  V  (  X  -  x',  1 1  tg  )  dx’  (3.42) 

where  the  integration  is  over  all  volume.  In  Equation  3.42  we  are  simply  integrating  over  all  of  the 
possible  positions  of  particles  at  time  to  multiplied  by  all  of  the  possible  transitions  that  these  parti¬ 
cles  can  experience  over  time  to  to  t.  For  an  instantaneous  point  source  we  have  p(x',to)  = 
5(x’,to),  or  for  a  continuous  point  source  p(x’,to)  =  5(x').  The  major  problem  remains  in  deter¬ 
mining  the  form  of  \|f(x  -  x',t  I  to). 

Using  the  characteristic  functions 


(p  (K,  1 1  tg)  =  J  \|f  (  X,  1 1  tg  )  exp  ( i  K  X  )  dx 

.  oo 

(3.43) 

oo 

4)  (  K,  t )  =  J  p  (  X,  t )  exp  ( i  K  X  )  dx 

•  oo 

(3.44) 

Equation  3.42  may  also  be  expressed  as 

<t)  (K,  t  )  =  ({>  (K,  tg)  (p  (  K,  1 1  to ) 

(3.45) 

so  that  the  increase  in  the  cumulants  of  p(x,t)  from  to  to  t  is  equal  to  the  corresponding  cumulants 
of  (p(x,t  Ito)^  This  means  tiiat  the  dispersion  of  a  single  fluid  particle  relative  to  a  fixed  point  is 
determined  only  by  the  initial  location  of  the  particle  and  the  probability  density  function  of  the 
displacement  Xi(t)  of  a  single  fluid  particle. 

In  homogeneous,  isotropic  turbulence,  the  displacement  Xi(t)  has  a  Gaussian  probability 
density  function  for  a  wide  range  of  displacement  times,  for  reasons  which  vary  with  the  magni¬ 
tude  of  the  time,  t.  For  small  t  the  probabihty  density  function  of  the  displacement  Xi(t)  is  identical 
to  that  of  the  velocity  Ui(0),  from 

t 

X,(t)  =  Jij,(f)df.tU|(0)  ,3.45) 

0 


^  The  cumulants,  ,  of  the  characteristic  function  are  defined  by 

^  (iK)” 

log  otK.t)  =  ^ 

m*  1 

and  are  combinations  of  the  moments  of  the  probability  distribution  (see  Van  Kampen,  1981). 
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Measurements  of  Ui(0)  in  isotropic  turbulence  have  confirmed  a  Gaussian  foim  within  the  limits  of 
experimental  errori.  Conversely,  at  larger  times,  Ui(t)  loses  all  correlation  with  Ui(0)  so  Xi(t)  is  the 
integral  of  a  function  for  which  only  neighboring  values  are  correlated.  A  long  time  series  of  this 
function  could  be  considered  to  be  composed  of  independent  segments.  For  large  t  this  sum  tends 
to  a  normal  distribution  by  the  central  limit  theorem  (see  van  Kampen,  1981),  so  that  a  Gaussian 
distribution  for  Xi(t)  at  larger  displacement  times  is  also  reasonable  (but  not,  as  of  yet,  rigorously 
proved). 

With  this  normal  distribution  of  displacements,  we  can  use 


<p  (  K,  1 1  to )  =  exp 


-^K.K.  X.  (t)X.(t) 
2  ‘  J  ‘  J 


(3.47) 


for  the  characteristic  function  of  the  displacement  probability  density  function,  and  with  Eq.  3.45, 
we  get 


9  <|)  (K,  t ) 
dt 


=  0  (K,  t ) 


4-k.k. 
2  •  i 


ax.(t)x.(t) 

8t 


(3.48) 


from  which  can  be  found  a  diffusion  equation 

^  P  ( X.  t )  ^  d^p(x,t) 

9t  9x.9x. 

1  J 

and  the  non-constant  tensor  coefficient  is  given  by 


dxmxxt) 


(3.49) 


(3.50) 


Using  the  relation  between  displacements  and  velocity  given  by  Taylor  (1921),  and  generalizing  to 
three  dimensions,  Eq.  3.50  can  be  manipulated  to  get 


p..(t)  =  lx.(t)v.(t)  -H  lx.(t)v.(t) 

t 

=  yjv.(  t')v.(t)  +  Vj(  t )  v.(  t’ )  dt’ 

*0 


(3.51) 


^  In  the  atmosphere,  over  flat  tmain,  probability  distributions  of  u(0),  in  the  downwind  direction,  and  v(0),  in  the 
crosswind  direction  also  show  a  Gaussian  form.  The  distribution  of  w(0),  in  the  vertical  direction  however,  is 
definitely  not  Gaussian,  which  results  in  important  deviations  of  the  theory  from  that  for  homogeneous  turbulence  in 
most  atmospheric  conditions. 
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where  here,  Vj  and  vj  are  Lagrangian  velocities  of  a  fluid  particle.  In  homogeneous  turbulence,  for 


which  the  velocities  are  stationary  random  functions  of  time,  the  correlation  Vi(t)vj(t')  simplifies  to 


be  a  function  only  of  (t  - 1’) 

‘-‘o 

0  ^ 

(3.52) 

and 

dX.(t)X.(t)  ir  ^  1 

0 

f  f  [  t  L.  t  1 

(3.53) 

Xj(t)Xj(t)  =  J  J  [  Rij(4)  +  Rji(^)  J  d^  dt 

(3.54a) 

0  0 
c 

x.(t)X.(t)  =  j  ( t  -  4 )  [  Rij(^)  +  Rji(^)  ]  d^ 

(3.54b) 

0 


Without  a  specific  form  for  the  Lagrangian  correlation  Rij(^)  this  equation  is  can  only  be  simplified 
at  its  asymptotic  limits.  First,  for  small  time  intervals, 

XX  =  t^vv"  (3.55) 

»  j  ‘  j 

where  the  particle  velocity  is  constant  over  the  time  period  t.  For  larger  times,  when  the  time  (t-to) 
is  large,  the  velocity  COTielation  is  small,  so 

xX->  v:^  tl 
>  J  ‘  J  L 

where 

t 

0 

and 

0 

are  constants  for  large  L  This  form  for  larger  times,  leads  to  a  value  of  p.ij(t)  which  is  independent 
of  time  and  has  the  same  form  as  for  the  diffusion  solution. 

Assuming  that  x,  y,  and  z  are  principle  axes,  and  the  probability  distributions  of  Xi  are  inde¬ 
pendent,  we  have 

X.(t)X.(t)  =  0  j^O  (3.59a) 


,(0)  j(i)' 

ij 


dq  ->  I., 
y 


dt  -»I. 
^  y 


(3.56) 


(3.57) 


(3.58) 
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leaving 


X.(t)Xj(t)  =  o2  j=i 

3  P(x.t)  _  j  1  1  p(x,t) 


2  dt  J 


(3.59b) 


(3.60) 


A  solution  of  the  differential  equation  for  a  point  source  is 


p(x,t)  = 


(27c)  a,  Oy 


2^ 

2c^  2c5^  2o^ 


(3.61) 


where  the  probability  density  function  p(x,t)  is  related  to  concentration  through  a  total  mass  release 
q,  for  this  instantaneous  point  source  by 


c(  X,  t )  =  q  p(  X,  t ) 

or,  after  assuming  a  mean  velocity  u*  in  the  x  direction. 


(3.62) 


c  (  X,  y,  2,  t )  =  - -  exp 

(  2  7t  )  Oy  Oj 


(X-U,t)^  _y2 _ ^ 

2o5  2o^  2oJ 


(3.63) 


a  solution  for  dispersion  which  was  first  proposed  by  Sutton  (1932). 

For  a  continuous  source,  integration  over  time  of  an  incremental  series  of  instantaneous 
'puff  releases  is 


c  (  x,y,2 )  = 


( 2  7t  J  ''y 


oe 

f  -L 

J 


(  X  -U^  f 

2o^  2o^  2o^ 


(3.64) 


but  the  immediate  complication  is  that  the  factors  Ox,  Oy,  and  Oz  are  unknown  functions  of  time. 
This  can  be  circumvented  using  a  slightly  different  form  of  the  differential  equation  which  assumes 
a  continuous  slender  plume  with  negligible  diffusion  in  the  x-direction  for 


_  d  p(x,t)  _  I  1  ^  1  P(x.t)  ,  I  1  ^  1  P(x4) 

9x  [  2  dt  J  ay2  [  2  dt  J  ay2 


(3.65) 


a  solution  of  which  is 


c  (  x,y,2  )  =  - exp 

27t  U^  Oy  o. 


20^  2o^ 


(3.66) 
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It  is  interesting  to  note  that  the  functions  Oy  and  governing  the  width  of  the  expanding 
cloud  are  the  same  for  both  the  solution  from  an  instantaneous  point  source  and  the  continuous 
plume  solution.  This  analysis,  which  employs  ensemble  averages  of  many  independent  single 
particle  trajectories,  could  give  no  other  answer.  For  the  case  in  which  the  turbulence  scale  is 
much  smaller  than  the  plume  width,  it  is  certainly  a  reasonable  result.  For  the  alternative  case, 
wherein  the  turbulence  scale  is  larger  than  the  plume  width,  experimental  evidence  shows  the  long 
term  averaged  plume  widths  Oy  and  Oz  from  a  continuous  plume  to  be  greater  than  the  equivalent 
scales  from  a  single  instantaneous  'puff  of  material,  or  the  instantaneous  width  of  a  continuous 
plume. 

A  resolution  of  this  problem  is  that  the  ensemble  averages  must  be  taken  over  time  periods 
much  longer  than  the  Lagrangian  integral  time  scale  for  the  averages  to  be  stable.  Describing 
instantaneous  plume  widths  or  puff  sizes  is  not  possible  with  the  analysis  presented  in  this  section, 
but  requires  an  analysis  beginning  with  a  more  elaborate  Lagrangian  specification  of  multiple 
points  within  the  moving  cloud.  In  the  present  analysis  of  following  the  motion  of  independent 
single  particles,  the  instantaneous  size  of  the  cloud  is  not  relevant. 

It  still  remains  to  determine  the  form  of  Oy  and  Oz  as  a  function  of  time.  Batchelor  (1949)  has 
pointed  out  that  we  have 


Oi^(t) 


=  2ui2j 


( t  -  X )  Rii(x)dT 


(3.67) 


from  Taylor  (1921) ,  so  that  the  changing  forms  of  Oy  and  Oz  with  time  is  due  to  the  greater  effect 
of  increasingly  larger  eddies  in  the  dispersion,  although  even  at  small  times  the  dispersion  is  domi¬ 
nated  by  the  larger  eddies.  We  note  that  Rii(t)  does  not  correlate  multiple  particles  with  each  other, 
but  merely  the  Lagrangian  velocity  history  of  a  large  number  of  single,  individual  particles. 

Adopting  an  exponential  form  for  Ru 


R,.  (t)  =  exp 


gives 


(t)  =  2u,^  t^ 


-  1  +  exp 


_t_ 


(3.68) 


(3.69) 


For  t  »  tL,  this  yields  the  same  linear  form  of  Cy  as  that  for  Brownian  diffusion.  For  turbulent 
dispersion,  especially  in  the  atmosphere,  we  are  interested  in  time  scales  less  than  the  Lagrangian 
turbulent  integral  scale  tt. 
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This  result  for  Oy  may  also  be  found  for  homogeneous  turbulence  using  a  Langevin  equation 
of  the  form 

dv  (t)  = 

for  changes  in  particle  acceleration  as  presented  by  van  Dop  et  al.  (1985).  This  equation  is  an 
obvious  analogy  to  the  Langevin  equation  used  for  Brownian  diffusion.  It  is  a  type  of  Markovian 
differential  equation,  where  dWt  is  a  Gaussian  white  noise  model  of  fluid  acceleration  and  v(t)  is 
the  Lagrangian  velocity  of  a  fluid  element.  The  Lagrangian  integral  scale  is  tt,  whereas  Ov  is  the 
standard  deviation  in  velocity.  Both  are  constants  in  homogeneous  turbulence.  We  have 

t 

W.  =  |<1W.  (3.71) 

0 

and  Wt  is  a  Weiner  process.  Although  it  is  continuous  in  time  Wt  is  not  strictly  differentiable  in 
time  (Durbin,  1983).  We  take  dWt  as  a  random  increment,  which  ignores  the  exact  nature  of  the 

particle  acceleration.  Using  ensemble  averages,  dWt  =  0,  dWj^  =  dt,  vdWt  =  0,  and  Wt  =  0. 
Particle  position  follows  from  integrating  dy  =  dv(t)dt,  and  results  in  the  same  solutions  for  Oy^ 
and  Rii(t)  as  given  in  the  last  analysis,  with  an  ensemble  average  taken  over  many  independent 
particle  trajectories. 

A  Markovian  prcx:ess,  as  given  here  for  velocity  v  requires  a  nonanticipating  property  for  the 
variable  of  interest.  The  particle  position  y(t)  is  not  Markovian,  since  it  depends  on  y(t-At). 
Velocity  v  and  position  y  as  given  in  the  above  Langevin  equation,  are  jointly  Markovian. 

To  ensure  a  stable  measure  of  o^,  an  ensemble  average  of  many  individual  particle  trajec¬ 
tories  is  needed.  In  stationary  turbulence,  this  cOTiesponds  to  time  averages  of  a  continuous  plume 
over  periods  of  time  much  longer  than  the  Lagrangian  integral  scale  tt-  The  behavior  of  the 
concentration  field  at  averaging  times  which  are  short  compared  to  tt  is  the  focus  of  Sections  3.4 
and  3.5.  Some  problems  which  arise  in  the  use  of  the  Langevin  equation  include  specifying  the 
Lagrangian  time  scale  tt  and  the  statistics  of  the  process  in  terms  of  measured  quantities. 

3.2.2  Mean  Dispersion  in  Anisotropic  Flow 

Improvements  in  the  dispersion  modeling  of  mean  concentrations  in  the  boundary  layer  can 
come  from  a  more  complete  specification  of  the  anisotropic  effects,  which  up  to  now  have  been 
neglected.  For  dispersion  from  a  continuous  source,  we  can  use  a  gradient  transfer  model. 
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(3.72) 


“*dx  dy 


^dy 


and  adopt  suitable  forms  for  values  as  a  function  of  position.  Earlier  solutions  of  this  equation 
have  conformed  to  profiles  of  and  Ux  which  are  convenient  to  solve  analytically.  A  summary  of 
these  solutions  is  given  by  PasquiU  and  Smith  (1983).  Cuxrent  technology  allows  numoical  solu¬ 
tion  of  the  advective  diffusion  equation  using  elaborate  forms  of  9^  and  mote  accmrate  wind 
profiles.  Some  of  these  9ctheory  noodels  produce  reasonable  predictions  in  limited  regions  of  the 
aunospheiic  boundary  layer  such  as  for  vertical  dispersion  very  near  the  surface. 

The  Lagrangian  approach  can  provide  a  method  for  a  mote  insightful  investigation  of  the 
disperskm.  We  first  use  a  general  form  of  the  Langevin  equation,  here  in  one  dimension, 

dX  =  b(X)dt  +  a(X)dWj  (3.73) 

which  describes  the  Lagrangian  motion  of  a  fluid  particle  for  which  the  first  term  represents  the 
deterministic  part  of  the  particle  motion  and  die  sectmd  term  is  the  random  motion.  In  this  example 
dX  is  an  increment  in  particle  position  over  time  dt  and  the  velocity  over  this  time  step  is  uncorre- 
lated.  The  Fddcer-Plank  equation  for  Equation  3.73  is  derived  by  Durbin  (1983),  and  results  in 

a[b(x)p(x,t)]  i32[>(x)p(x,t)]  . 

“V"* - ^ -  *2 - ^ 


Both  equations  describe  the  same  phenomena,  but  for  different  Eulerian  and  Lagrangian  coordinate 
systems.  To  conopare  this  equation  witii  die  gradient  transfer  ^rproximation,  we  let  a2(x)/2  =  S^x) 
and get 


^P(».t)  .  a 

dt  dx 


fh 

ST- 


p(x,t ) 


a:(x) 


d  p(x,t ) 


dx 


\ 


(3.75) 


where  b  -  is  an  Eulerian  mean  convecticm  velocity.  This  shows  the  relation  between  disper¬ 
sion  in  a  Lagrangian  system  and  an  Eulerian  system  for  the  first-order  closure. 

A  great  imptovemrot  of  this  method  may  be  made  by  beginning  widi  the  Langevin  equation 
for  velocity,  rather  than  displacement  Such  a  form  noodels  the  particle  acceleration  as  random, 
rather  than  the  velocity.  This  velocity  equation  has  already  been  used  for  honoogeneous  turbu¬ 
lence,  in  which  the  relevant  statistics  are  not  a  function  of  position.  In  inhonoogeneous  turbulence, 
die  relatkm  between  Lagrangian  and  Eulerian  particle  motion  is  a  great  deal  more  complicated. 

We  may  investigate  the  acceteration  of  a  particle  at  small  times,  given  by 
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(3.76) 


dt  dt  dt  j  dx. 

J 


where  v  is  the  Lagrangian  particle  velocity,  and  u  is  the  Eulerian  fluid  velocity  at  the  same  position 
and  time.  Using  Reynold's  decomposition,  we  find  for  the  mean  particle  acceleration 


dt  dt  9x. 

J 


(3.77) 


or  for  turbulence  which  is  inhomogeneous  only  in  the  z  direction 

dt  dt  dz 


(3.78) 


This  shows  that  the  mean  particle  acceleration  is  not  equal  to  the  acceleration  of  the  mean  flow  in 
inhomogeneous  turbulence.  Likewise,  higher  order  moments  of  these  two  accelerations  are  also 
not  equal. 

Using  this  principle,  van  Dop  et  al.  (1985)  shows  that  the  Langevin  equation  must  have  the 

form 


v(t) 

tL(z.t) 


+  aj(z,t) 


dt+yi^  dWj 


(3.79) 


in  inhomogeneous  turbulence  with  dWt  as  a  Gaussian  random  function  and  tt  defined  as  a  decorre 
lation  time  (Durbin,  1983) 


1 

Rvv('') 


dRw(^) 


dt 


t  =  0 


(3.80) 


to  avoid  problems  of  definition  with  nonstationary  Lagrangian  velocities. 
This  may  alternately  be  written  as 


with 


Vyft) 

dv  =--^^dt  +  dW 
^  t^(z,t)  z,t 


dW^  t  =  aj(z,t)  dt  +  y^(Zt)  dWj 


(3.81) 

(3.82) 


In  determining  a  useful  form  for  the  functions  ai  and  a2,  van  Dop  et  al.  (1985)  found  the  Fokker- 
Plank  equation  for  Eq.  3.82  which  results  in  an  equation  for  the  joint  probability  of  p(z,V7,t). 
Reducing  this  to  an  expression  for  p(z,t)  =  c(z,t)/q  results  in  an  infinite  series  of  equations  contain- 
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ing  joint  moments  of  velocity  v"  and  concentration  c.  Closure  is  achieved  by  matching  these 
moments,  after  order  of  magnitude  approximations,  to  the  equivalent  Eulciian  moments  found 
from  the  diffusion  equation  after  Reynolds  decomposition.  In  this  particular  form,  the  coefficients 
are  matched  for  the  first  three  equations.  This  results  in 


and 


3uz  _ 

dz  dt 


(3.83) 

(3.84) 


Numerical  results  from  using  this  procedure  shows  that  particles  tend  to  properly  diffuse  to 
regions  of  higher  turbulence.  In  a  bounded  region,  however,  this  equation  does  not  tend  to  the 
correct  uniform  asymptotic  distribution  of  concentration.  This  may  in  part  be  due  to  errors  in 
approximating  the  effect  of  higher-order  moments. 

In  another  approach,  Thompson  (1984)  uses  the  Langevin  equation 


dv 


z 


Vz(t) 

tL(z,t) 


dt  +  dWj 


(3.85) 


but  here  coi  is  not  restricted  to  a  Gaussian  forcing  function.  By  requiring  this  equation  to  result  in  a 
uniform  concentration  distribution  for  a  confined  flow,  moments  of  dcot  are  found  in  terms  of 
moments  of  the  Eulerian  velocities.  Such  an  approach  allows  specification  of  skewed  velocity 
distributions,  such  as  those  found  in  convective  conditions  for  the  vertical  profile.  Closure  is 
achieved  in  numerical  solution  by  neglecting  higher  order  moments  of  the  velocities.  Because  dcOt 
is  non-Gaussian,  a  corresponding  Fokker-Plank  equation  cannot  be  derived. 

Fot  our  purposes,  an  important  result  found  by  Durbin  (1983)  using  this  modeling  tech¬ 
nique,  is  that  inhomogeneity  of  tt  takes  at  least  one  time  period  to  effect  the  mean  displacement  of 
marked  particles,  in  agreement  with  experimental  measurements  according  to  van  Dop  et  al. 
(1985).  This  implies  that  in  determining  ensemble  average  concentration  distributions,  the  realiza¬ 
tions  over  which  the  averages  are  measured  must  be  taken  over  times  greater  than  the  largest  tL(x) 
in  the  flow. 


3.3  Models  of  Mean  Dispersion 

The  concise  modeling  results  previously  discussed  are  for  dispersion  in  homogeneous  turbu¬ 
lence.  These  still  have  some  application  in  the  atmospheric  boundary  layer  after  some  modifi- 
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cations.  For  a  narrow  continuous  plume  from  a  point  source,  the  mean  concentration  distribution 
is  given  by 


c  (x,y,z)  = 


2  71  Oy  Oj  u. 


—  exp 


y  ( z  -  Zs ) 
2(£  2o? 


2^ 


for  z  >  0 


) 


(3.86) 


with  the  source  located  at  a  height  z  =  z*,  and  the  coordinate  origin  directly  below  the  source  at 
ground  level.  This  form  was  first  used  by  Sutton  (1932)  in  atmospheric  nxxleling.  The  measures 
of  the  plume  spread,  Oy  and  Oj,  are  functions  of  the  downwind  distance  x,  rather  than  the  travel 

time  t,  through  x  =  Uxt,  given  that  u*  is  the  velocity  at  the  source  height. 

For  the  above  equation,  material  which  arrives  at  z  =  0  is  simply  passes  through  the  bound¬ 
ary.  A  change  to  the  equation  may  be  made  through  a  reflective  boundary  condition,  analytically 
accomplished  by  using  a  mirror  source  located  below  the  surface  at  ( 0, 0,  -z® )  or 


c  ( x,y,z ) 


2  7c  Oy  Ux 


—  exp 


.2  ^ 


20^  ^ 


/ 

(  Z-Zs) 

exp 

1  J 

+  exp 

V 

(  Z+Zs  ) 


(3.87) 


for  z  >  0.  This  treatment  of  the  boundary  condition  at  the  surface  is  quite  simplistic.  In  practice, 
the  absorption  of  a  pollutant  or  tracer  at  the  ground  is  a  complicated  function  of  the  chemical  and 
physical  characteristics  of  the  surface,  the  wind  field,  and  the  pollutant  or  tracer.  For  our  own 
aerosol  tracers,  there  is  little  deposition  and  we  consider  the  aerosol  as  a  conservative  marker. 

One  application  of  this  equation  is  in  predicting  ground-level  concentrations  for  a  reflecting 
boimdary  condition  using 


c  (  x,y,  0  ) 


q 

7t  Oy  u. 


f 

exp 

V 


2o5  ^ 


exp 


2a? 


(3.88) 


We  note  that  this  Gaussian  plume  model  neglects  several  important  effects,  including  the  vertical 
variation  in  the  mean  velocity  and  the  fluctuating  velocities  which  control  the  plume  spread.  This 
often  leads  to  errors  in  the  shape  of  the  vertical  profile  and  the  magnitude  of  ground-level  concen¬ 
tration,  especially  in  thermally  stratified  conditions. 

A  similarity  between  crosswind  profiles  of  concentration  measured  in  dispersion  experiments 
and  the  Gaussian  form  is  found  in  both  full  scale  tests  (Pasquill  and  Smith,  1983  and  Randerson, 
1984)  and  in  wind  tunnel  boundary  layers  (Robins  and  Fackrell,  1979).  This  is  due  in  part 
because  of  symmetry  along  the  plume  axis,  and  also  due  to  the  nearly  constant  measure  of  the 
CTOSswind  velocity  fluctuation  intensity  OvAix  with  height  over  flat  terrain.  We  can  modify  the 
above  model  for  ground-level  concentrations  to  obtain 
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f 

c  (  x,y,0 )  =  c  ( X,0,0 )  exp 


V 


(3.89) 


which  keeps  the  valid  Gaussian  crosswind  distribution  and  allows  us  to  find  better  functional 
forms  of  the  gitMind-level  concentration,  where  c(x,0,0)  =  c(x,Zs)  and  Zs  is  the  source  height.  In 
practice,  we  instead  use  the  crosswind  integrated  ground-level  concentration  Cy(x,Zs)  which  for  a 
Gaussian  crosswind  profile  is  related  to  the  centerline  concentration  by 


c  ( x,z^  = 


Cy  (x,z,) 


2jc  Ov 


(3.90) 


Gryning  et  al.  (1987)  summarizes  methods  of  predicting  Cy(x,Zs)  using  the  meteorological  scaling 
parameters  and  boundary  layer  regions  previously  discussed  in  Section  2.3. 


3.3.1  Crosswind  Integrated  Concentration  in  the  Surface  Layer 


First,  for  the  surface  layer  Monin-Obhukhov  similarity  applies.  Nieuwstadt  and  van  Ulden 
(1978)  have  shown  that  a  gradient  transfer  tq)proximati(m 


u(z) 


3c(x,z)  ^ 
dx  dz 


i^(z) 


3c(x,2) 


(3.91) 


is  suitable  in  this  region  for  determining  the  concentration  distribution,  with  the  SC-factor  approxi¬ 
mated  using  the  analogy  of  ^  =  k  u,z  /  <)>h(z/L),  where  <t>h  is  the  dimensionless  temperature  gradi¬ 


ent  found  from  empirical  measurements.  Early  solutions  for  this  particular  equation  were  found 
using  power-law  approximations  for  wind  speed  and  %  (see  Pasquill  and  Smith,  1983).  These 
solutions  are  best  expressed  by 


-  A 

f 

Bz 

S  ^ 

4  ZU 

\ 

z 

> 

(3.92) 


where  q  is  the  source  strength,  A  and  B  are  functions  of  s  only,  z  is  the  mean  height  of  the  plume 
and  u  IS  the  mean  velocity  of  the  plume.  Gryning  et  al.  (1983)  gives  analytical  fits  to  these  param¬ 
eters  for  numerical  simulations  using  the  temperature  eddy  diffusivity  profile  for  stable,  neutral, 
and  unstable  conditions.  We  note  that  in  these  fits,  the  shape  parameter  s  reaches  a  stable  asymp¬ 
tote  of  s  =  3,  whereas  for  the  unstable  case,  s  ranges  between  0.5  and  0.75  depending  on  the 
particular  form  of  0h  used.  This  solution  is  valid  for  z/z,  >2.  Further  downwind,  when  z  is  larger 
than  the  height  of  tire  surface  layer  (z/h  >  0.3),  dispersion  is  dominated  by  phenomena  in  the  layer 
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immediately  above  the  surface  layer,  which  may  be  either  the  near-neutral  upper  layer  in  stable 
ccmditions  or  the  mixed  layer  for  unstable  atmospheric  conditions. 


Mixed  Layer 


This  scaling  ^plies  for  unstable  conditions  in  the  boundary  layer  for  -zJL  >  10  with  0.1  < 
Zs/zi  <  0.8  for  the  source  height  The  turbulence  in  the  mixed  layer  is  dominated  by  thermal 
updrafts  and  subsidence.  The  downdrafts  occupy  a  greater  area  than  the  updrafts,  which  maintain 
a  larger  vertical  velocity  to  satisfy  continuity.  This  inhomogeneous  turbulence  results  in  the  rise  of 
the  plume  centerline  for  ground-level  sources,  and  a  falling  plume  centerline  fen*  elevated  sources. 

Parameterization  of  the  behavior  uses  a  downwind  distance  X  =  (w  Jzi)(x/ux)  and  cross  wind 


integrated  concentration  at  ground  level  of  Cy  =Cy  Zi  Uj^/q  where  q  is  the  source  strength.  With  this 
scaling,  Briggs  (1985)  gives  an  empirical  data  fit  of 


Cy  = 


0.9X’^Z“^ 


1 


+  0.4  x’^ 


4/3 


1  +  SX'^'^  +  50X’’^ 


(3.93) 


for  Z,  =  Zj/zj.  Briggs  states  that  this  is  vahd  in  the  range  0.04  ^  Z,  1,  which  means  it  also 
applies  in  the  free-convection  region.  For  X  >  5,  the  concentration  achieves  a  well  mixed  profile 
throughout  the  boundary  layer.  Bas'rd  on  their  own  comparisons  of  other  dispersion  data  with  this 
fit,  Gryning  et  al.  (1987),  suggest  using  X  =  1.7(w^Zi)(x/u)  to  shift  this  curve  to  higher  values  of 
X. 


Free  Convection  Laver 

Free  ujnvection  scaling  applies  in  the  region  benveen  -zJL  <  1  and  zjz\  <0.1.  This  area  lies 
between  the  surface  layer  and  the  mixed  layer  region  for  unstable  atmospheric  conditions.  For 
surface  releases,  Nieuwstadt  (1980b)  gives 

Cy  =  0.9  X‘^^  (3.94) 

where  the  mixed  layer  scaling  is  maintained  for  convenience.  This  equation  is  independent  of  Zi 
and  u,,  as  is  consistent  with  the  concept  of  the  free  convection  layer.  In  a  comparison  with  Prairie 

Grass  experiments,  Nieuwstadt  shows  that  this  equation  is  valid  in  the  range  0.03  <  X  <  0.23. 


78 


Other  Scaling  Regimes 


For  the  near  neutral  upper  layer  with  -10  <  h/L  <  1  and  Zj/h  <  0.8,  the  Gaussian-plume 
model  is  most  applicable.  Over  dry  land  these  conditions  may  occur  in  overcast  conditions  with 
high  wind  speeds.  For  the  ground-level  crosswind  integrated  concentration,  we  have 


Cy(X,Zs) 

q 


1 

u. 


(3.95) 


The  vertical  plume  width  is  best  estimated  using  a  fit  similar  to  that  given  by  Draxler  (1976) 


Oz  =  Ow  t 


1 


(3.96) 


but  slightly  modified  by  Gryrting  et  al.  (1987)  so  that  ti^  is  analogous  to  the  integral  time  scale  for 
large  travel  times.  This  form  matches  the  asymptotic  behavior  of  the  relation  given  by  Taylor 
(1921)  for  dispersion  in  homogeneous  turbulence.  For  the  unstable  case,  t^^  =  300  s,  and  for 

stable  conditions,  t^^  =  30  s.  The  value  of  t  is  the  travel  time,  approximated  by  t  =  x/Uj.  Direct 
measurements  of  Ow  ate  suggested  for  use  in  this  equation. 

For  the  stable  boundary  layer,  local  and  z-less  scaling  occurs  for  the  range  h/L  >  1  and  with  a 
source  height  in  the  range  zjh  >0.1  and  (h-Zs)/A  <  10.  In  this  region  Nieuwstadt  (1984)  gives  a 
local  Monin  Obhukhov  length  scale  to  be 


-  A  = 


k  (g/T^)  wO 


(3.97) 


This  form  uses  the  local  values  of  the  momentum  (-uw)  and  heat  (-w0 )  fluxes.  Holtslag  and 
Nieuwstadt  (1986)  suggest  z-less  scaling  for  z/A  >  1  and  (h-z)/A  <  10.  These  regions  are  not  as 
well  investigated  as  is  the  stable  surface  layer  and,  for  lack  of  a  better  method,  use  of  the  Gaussian 
plume  model  is  suggested  by  Gryning  et  al.  (1987).  Calculation  of  Cy  is  made  in  the  same  manner 
as  for  the  near  neutral  upper  layer,  with  tL,^  =  30  s. 

For  the  remaining  upper-level  regions  in  both  the  stable  and  unstable  boundary  layer, 
entrainment  of  overlying  fluid  becomes  important.  Entrainment  involves  the  mixing  of  fluid  with 
higher  turbulent  intensity  fluid  into  regions  of  low  turbulence  fluid,  which  is  seen  as  an  intermit¬ 
tently  turbulent  signal  by  a  velocity  probe.  At  present,  this  phenomena  is  poorly  understood.  No 
models  are  available  for  predicting  dispersion  in  these  intennittent  regions  of  turbulence. 
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3.3.2  Lateral  Width  Calculations 


Dispersion  in  the  lateral  plane  may  be  a  combined  effect  of  turbulence  and  lateral  wind  shear. 
The  second  effect  is  neglected  in  flat,  uniform  terrain  for  times  and  distances  in  the  microscale  Gess 
than  2km  from  the  source,  averages  up  to  one  hour  in  duration).  Since  there  is  no  obvious  length 
scales  in  the  lateral  direction  for  uniform  terrain,  formulas  similar  to  that  given  by  Taylor  (1921) 
for  dispersion  in  homogeneous  turbulence  are  used.  Among  these  empirical  equations  is  that  given 
by  Draxler  (1976).  We  use  the  modified  form  of  this  equation  given  by  Gryning  et  al.  (1987) 


Oy  —  Oy 


1 


(3.98) 


which  is  based  on  a  large  number  of  field  dispersion  experiments  in  uniform  terrain.  The  value  of 
tL,y  =  200  s  for  horizontal  dispersion  from  a  ground  level  source  in  all  atmospheric  conditions 
except  when  z/h  >0.1  for  which  tL,y  =  600  s.  This  particular  form  of  Oy  asymptotically  matches 
the  behavior  of  plume  growth  near  and  far  from  the  source  predicted  by  Taylor's  theory  for  homo¬ 
geneous  turbulence,  and  tL.y  approximates  the  Lagrangian  integral  scale  of  the  turbulence. 
Averages  of  Oy  and  Ov  are  taken  over  periods  of  0.5  to  1  hour,  and  should  be  measured  directly. 

The  value  of  t  is  the  travel  time,  approximated  by  t  =  x^z,  with  the  velocity  taken  at  the  height  of 
the  source. 


3.3.3  Lagrangian  Integral  Scales  in  Turbulent  Dispersion 

Averages  of  concentration,  as  modeled  by  the  previously  described  single-particle  dispersion 
theory,  are  taken  over  periods  much  longer  than  the  largest  Lagrangian  integral  time  scale  tL  in  the 
flow.  We  need  to  investigate  these  times,  to  set  a  sampling  criteria  for  valid  experimental  averages. 
For  sampling  or  averaging  periods  less  than  tt,  relative  dispersion,  to  be  discussed  in  the  next 
section,  must  be  considered. 

The  value  of  the  Lagrangian  integral  scale  may  be  estimated  from  Eulerian  velocity  measure¬ 
ments.  Taylor's  frozen  field  hypothesis  uses  4  =  tEUx  to  relate  the  Eulerian  time  scale  to  an 
Eulerian  length  scale.  Gifford  (1955)  assumes  particles  travel  through  this  field  at  a  speed  Ou,  so 
the  Lagrangian  integral  time  scale  ~  40u,  or 

(3.99) 

The  value  of  ^  is  an  empirical  constant  which  may  vary  from  0.4  to  0.6,  according  to  Pasquill  and 
Smith,  (1983). 
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Alternatively,  tt  may  come  from  an  investigation  of  the  dispersion  and  a  knowledge  of  the 
transition  from  mean  plume  growth  with  proportional  to  t  near  the  source  and  proportional  to 
ti/2  farther  from  the  source.  This  parameter  is  discussed  by  Gryning  et  al.  (1987).  In  lateral 
measurements,  tt  is  given  as  200  s  for  all  ground-level  sources.  In  the  vertical,  tL  ranges  from  30 
seconds  for  near  neutral  stable  conditions  to  300  s  for  near-neutral  unstable  atmospheric  condi¬ 
tions. 

Similarity  scaling  may  also  be  used  to  estimate  a  Lagrangian  time  scale.  In  the  surface  layer, 
Reid  (1979)  found  =  0.26z/u*  in  the  vertical  direction.  In  an  examination  of  experimental  data 

in  unstable  conditions,  Liljegren  (1989)  finds  that  tL,z  follows  a  monotonic  distribution  in  the 
mixed  layer  with  the  maximum  tL,z  m  a  range  from  0.24  Zi/w,  to  0.34  Zi/w*.  This  decreases 

considerably  near  the  surface.  For  the  horizontal  plane  tL.,  and  tL,y  are  constant  throughout  the 
boundary  layer  and  fall  in  the  same  range  as  that  for  the  vertical  maximum  in  the  mixed  layer. 


3.4  Fluctuating  Concentrations 


The  dispersion  theories  for  predicting  mean  concentration  distributions  discussed  in  Section 
3.2  describe  the  positional  characteristics  of  an  ensemble  of  single  particle  trajectories.  This  is 
suitable  for  determining  mean  concentrations  over  averaging  times  much  greater  than  that  of  the 
Lagrangian  integral  time  scale  of  the  fluid  motion.  Information  on  the  relative  spatial  characteristics 
of  a  plume  or  the  variance  in  concentration  at  a  fixed  point  can  not  be  recovered  with  this  method, 
but  must  be  developed  using  a  more  elaborate  initial  statement  of  the  problem. 

One  of  the  Lagrangian  spatial  characteristics  of  a  plume  that  is  of  interest  is  the  plume  width 
relative  to  a  moving  center  of  mass.  In  cases  where  the  scale  of  the  turbulence  is  larger  than  some 
length  scale  of  the  plume,  the  relative  width  will  be  less  than  the  time  averaged  width  and  will 
wander  over  the  area  defined  by  the  time  averaged  plume.  This  wandering  plume  will  cause 
fluctuations  in  concentrations  at  fixed  sampling  locations.  Moments  of  concentration  at  these  fixed 
points  may  also  be  investigated  through  this  relative  motion. 

The  problem  statement  could  consist  of  an  elaborate  joint  probability  density  function  of  all 
the  particles  in  the  cloud.  As  a  simplification,  moments  up  to  second  order  can  be  found  using  the 
joint  probability  density  function  for  only  two  particles,  where  we  have  p(x',x",t',t"),  the  prob¬ 
ability  density  function  that  sepeu’ate  particles  are  located  at  points  x'  and  x"  at  times  t'  and  t", 
respectively.  This  can  be  reduced  to  the  single-particle  description  used  in  analysis  of  mean 
concentrations  through 


p  (  x',t’ ) 


oo  oo 

=  JJ 


p  (  X',  x",  t  ’,  t"  )  dx"  dt” 


(3.100) 
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and  firom  normalizing  the  probability  density  function,  we  obtain 


p  (  X,  t )  dx  dt  =  1 


(3.101) 


To  predict  the  evolution  of  the  particle  distribution,  we  need  the  transition  probability  density 
function  given  by  'F(x',t',x",t"  I  x'o,t'o,x"o,t"o)dx'dx",  which  is  defined  as  the  probability 
that  one  fluid  particle  is  located  within  volume  element  dx'  at  position  x'  at  time  t',  while  another  is 
located  at  x"  within  volume  dx"  at  time  t",  given  that  at  times  t'o  and  t"o  their  positions,  were  at 
x'o  and  x"o  respectively.  With  this  transition  probability  density  function,  the  equation  for  the 
joint  probability  density  function  of  the  particle  pair  is  given  by 


oe 

p(x’,  t',  X",  t")  =  jjjj  P(Xq',  t^’,  Xq",  to") 


'P(x',  t',  X",  t"  I  Xq’,  to',  Xo",  to"  )  dXo'  dto’  dXo"  dto” 


(3.102) 


This  show  that  a  knowledge  of  the  initial  position  of  a  particle  pair  along  with  the  transition  prob¬ 
ability  density  function  is  sufficient  for  determining  the  evolution  of  the  joint  probability  density 
function.  In  practice,  these  functions  still  need  simplification.  For  steady  conditions  and  a  known 
source  strength  q  we  have 

c  (x',t')  c(x",t")  =  q^  p  (  x’,  t',  X",  t"  )  (3.103) 

which  shows  that  p(x’,t  ',x",t")  is  a  very  general  specification  of  the  second-order  moment  of 
the  dispersing  cloud  of  particles.  We  will  show  the  use  of  this  tensor  for  several  purposes,  includ¬ 
ing  determining  the  spatial  extent  of  the  evolving  cloud,  determining  the  variance  in  concentration 
at  fixed  sampling  points,  and  investigating  the  small  scale  spectra  of  the  concentration  fluctuations. 


3.4.1  Theory  of  Relative  Cloud  Dispersion 


To  describe  an  evolving  cloud  of  particles  from  one  instant  in  time  to  a  later  instant,  we  take 
t’  =  t",  and  have 


oe 

P(X',  X",  t  )  =  jjj  P  (Xq’’  *o"’  V  * 

'F(x',  x",  t  I  Xq',  Xq",  Iq  )  dXp'  dXp"  dt^ 


(3.104) 


This  simplification  can  be  used  to  describe  a  single  evolving  puff  of  particles,  or  for  a  continuous 
source,  a  single  short  time  increment  of  the  total  release.  For  homogeneous  turbulence,  a  substitu- 
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tion  of  X  =  x'  -  xo'  and  Y  =  x"  -  x'  in  the  above  expression  is  useful  in  that  there  is  no  depen¬ 
dence  on  the  specific  initial  values  xq'  or  xq"  in  the  transition  probability  density  function 
'F(X,Y,t  I  Yo,to)  for  homogeneous  turbulence.  The  value  X  describes  the  translation  of  one 
particle  with  respect  to  a  fixed  coordinate,  and  the  parameter  Y  is  the  relative  separation  between 
the  particle  pairs.  Normalization  of  this  translation  probability  density  function  is 


oe 

Jj4^{X,Y,tlYo,to)dXdY  =  1 


(3.105) 


The  displacement  transition  probability  density  function  alone  is 


oo 

'F(X,tlto)  =  j4^(X,Y,tlYo,to)dY 


(3.106) 


whereas  the  relative  separation  probability  density  function  is  given  by 


oe 

Y.tlYg,  to)  =  jT(X,Y,tlYo,to)dX 


(3.107) 


For  high  Reynolds  number  flows  and  a  restriction  on  the  particle  pair  separation,  the 
displacement  probability  density  function  Y  is  dominated  by  large  eddies  while  smaller  eddies 
dominate  the  separation  probability  density  function  (Batchelor,  1952).  Assuming  that  these  two 
processes  are  independent  because  of  the  large  separation  in  wavenumbers  dominant  for  displace¬ 
ment  and  separation,  then 


^  (X,  Y,  1 1  Yq,  to  )  =  'F  (X,  1 1  to  )  'F  (Y,  1 1  Yo,  to  ) 


(3.108) 


For  p(x',  x",  t )  we  can  use  the  substitution  of  X  and  Y  to  get  an  equivalent  joint  proba¬ 
bility  density  function  of  p(X,  Y,  t ).  This  particular  distribution  can  be  reduced  to  describe  the 
positional  characteristics 


oo 

p(X,t)  =  jp(X,Y,t)dY 


(3.109) 


or  the  relative  extent  of  the  cloud  through 


oo 

p(Y,t)=  jp(X,  Y,t)dX 


(3.110) 


where 
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J  J  p  (X,Y,t )  dX  dY  =  1 


(3.111) 


We  have  already  investigated  the  nature  of  the  positional  characteristics  of  dispersion  in  the 
discussion  on  mean  concentrations.  The  evolution  of  the  relative  dispersion  of  the  cloud  is  given 
by 

eo 

p  (Y,  t )  =  IJp  (Y„,  t„)  '{'(Y,  1 1  Y„.  )  dY„  dt„  (3  112) 


This  is  more  complicated  than  the  equivalent  expression  for  single  particle  trajectories  (Eq.  3.42), 
because  the  transition  that  these  two  processes  are  independent  depends  not  only  on  time  t,  but  on 
the  initial  relative  separation  of  the  particle  pair  Yq. 

The  relative  spread  of  the  two  particles  is  given  by 

oe 

;il(tlY„,l„)=  Y,(t)Yi(t)  =Jy,  Yi‘P(Y,llY|i.t„)dY  (3.113) 


Using  Eq.  3.1 13,  we  can  describe  a  relative  cloud  dispersion  tensor 
Ijj  =  J  J  (x/’  -  Xj’)(x."  -  X.')  p  (X',  X".  t  )  dx’  dx” 

oo 

=  Jy.  Y.p(  Y,t)dY 

-  oo 

oo  oe 

=  j  j  Y.Yj  p  (Y-,  tp)  'FCY,  1 1  Y’,  to  )  dY  dY* 


oe 

f  P  ^0  ) 

oo 

j  Y  YjW,tlYo,to)  dY 

J 

OO 

.  oo 

=  jp(Y',to)Cij(tl  Y’,  to)dY* 


(3.114a) 

(3.114b) 

(3.114c) 

(3.1 14d) 
(3.114e) 


so  that  a  knowledge  of  ^ij(  1 1  Y',  to  )  and  p(Y’,  to)  is  sufficient  for  determining  relative  cloud 
dispersion. 

The  cloud  dispersion  tensor  Lij(t)  for  particle  pairs  can  be  related  to  the  motion  of  a  cloud  of 
particles  about  its  center  of  mass.  This  requires  the  use  of  single  trials  N(x,t)  consisting  of  a  cloud 
of  particles  with  the  normalization 
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ee 

J  N(  x,t )  dx  =  q 


(3.115) 


where  q  is  the  total  mass  or  number  of  particles  in  the  expanding  cloud.  For  single  trials  denoted 
by  N(x',t)  and  N(x",t)  we  have  averages  given  by 


N(x’,t )  =  q  p(x',  t ) 


(3.116) 


N(x’.t  )  N(x".  t )  =  q^  p  (  X'.  X",  t ) 

The  first  moment  of  the  instantaneous  field  yields 

oo 

g(  t )  =  ^  J  X  N  (x,  t )  dx 

-  oo 

where  g(t)  is  the  center  of  mass  of  the  cloud.  For  the  second  moment  we  have 

oo  oo 

lij(t)  =  ^  j  J  -  Xi’)(x;'  -  xp  N(x',t  )  N(x’’,t  )  dx’  dx" 


(3.117) 


(3.118) 


(3.119a) 


oo  oo 

=  -^  j  J[  x/'x."  +  x.'x;  -  X/Xj"  -  x."x.’  ]  N(x’,t  )N(x",t  )  dx’  dx" 

^  .  oo.  oe 

oe  oo  ee 

=  2  -y  j  x.Xj  N(x,t )  dx  -  J  X.  N(x,t )  dx  J  x^  N(x,t )  dx 

q  .  oo  .  oo  -  oo 


(3.119a) 


(3.119c) 


=  2-  f  x^Xj  N(x,t )  dx  -  gj(t )  gp ) 

J 


(3.1 19d) 


(3.1 19e) 


so  that  the  cloud  dispersion  tensor  for  particle  pairs  Lij(t)  is  twice  the  dispersion  about  the  center  of 
mass  gi(t)  of  the  moving  cloud. 

For  simplification,  if  we  assume  independence  in  the  three  coordinate  directions,  such  that 
XjXj  =  0  and  2^j  =  0  for  i  ^  j,  the  representation  of  Ly  can  be  manipulated  to  get 
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(3.120a) 


) 


=  J  xj  N(x,t )  dx  +  g^(t )  jN(x,t )  dx  -  2g(t )  J  x.  N(x,t )  dx 


=  I  xj  N(x,t  )dx  -  [  gj(t )  ] 


(3.120b) 


The  first  term  on  the  right-hand  side  in  this  expression  is  the  mean- square  cloud  spread  in  the  fixed 
frame  of  reference 


(3.121) 


The  last  term  is  the  is  the  mean-square  spread  of  the  center  of  mass  calculated  for  each  trial  (times 
the  source  strength),  so 


(3.122) 


Defining  the  relative  dispersion  about  the  moving  center  of  mass  ar,i2(t)  =  Iij^/2  and  the  center  of 
mass  term  as  Og.i2(t)  =  giVq^,  we  have 

of(t)  =  o;.(t)+0f2^.(t)  (3.123) 


which  says  that  the  total  mean  square  spread  a  ensemble  of  particles  ai(t)  is  equal  to  the  mean 
square  of  their  spread  about  the  moving  center  of  mass  Or.i^(t)  plus  the  mean  square  spread  of  the 
ensemble  of  their  center  of  mass  trajectories  CTgj^(t).  This  is  a  very  useful  expression. 

We  have  seen  that  the  average  plume  profile  follows  a  Gaussian  distribution.  The  distribu¬ 
tion  of  many  independent  center  of  mass  trajectories,  through  the  central  limit  theorem,  will  also 
converge  to  a  Gaussian  distribution.  The  ensemble  average  distribution  about  the  moving  center  of 
mass  therefore  must  also  conform  to  a  Gaussian  profile.  Instantaneous  profiles  can  vary  consider¬ 
ably  from  this  average  profile. 

For  investigating  the  kinematics  of  relative  particle  dispersion,  we  have  the  relative  spread  of 
a  particle  pair  given  by 


>0  >  '  Y.(t)  Y.(t)  =  j  Yj  Y,  >F(Y,  1 1  Y„.  t„)  dY 


(3.124) 


which  can  be  related  to  the  relative  particle  velocities  given  by 
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(3.125) 


t  t 

Yi(t)Y.(t)  =  Yj(to)Y.(to)  +  j  j  v.(f)  v.(t")  df  dt' 

'oV) 


The  relative  velocity  Vi(t)  is  not  stationary  since  the  range  of  eddies  affecting  the  dispersion  is 
increasing  with  time  and  particle  separation.  In  general,  the  correlation  vi(t')vj(t")  depends  on  t' 
and  t"  separately  and  requires  specification  of  Yq  and  t©.  This  expression  can  be  simplified  for 
asymptotic  limits  of  (t  -  to).  For  small  (t  -  to)  we  may  write 

Y;(tTYj(r)  =  Yi(t„)Yj(t^  +  (l-t^*7(y^  (3.126a) 

=  Y,(gYj(t^  +  ft  -  ]  (3.126b) 

=  W  '^/‘o)  +  ft  -  v'  [  2  R,/0  V  -  2  RijCYoV  ]  !nr  (3. 126c) 

where  Ry  is  a  symmetrical  Eulerian  velocity  correlation  and  it  is  assumed  that  the  turbulence  is 
homogeneous.  For  a  large  (t  -  to),  the  particles  wander  independently,  so  the  correlation  of  relative 
velocities  is 

Vi(t')  v.(t")  =  2  Uj(t')  u.(t’')  (3.127) 

where  Ui(t )  is  the  total  Eulerian  velocity  of  the  particle  at  time  L  The  relative  spread  of  the  particles 
is  then 

Y.(t)Y,(t)  ->2X.(t)X.(t)  (3.128) 


which  means  that  the  center  of  mass  does  not  wander  and  the  total  mean-square  plume  width  is 
equal  to  the  average  instantaneous  mean-square  plume  width.  In  a  practical  situation,  this  occurs  at 
times  which  arc  very  large  compared  to  the  Lagrangian  integral  scale  of  the  flow.  For  the  general 
case,  the  relative  velocity  correlation  can  be  written  in  terms  of  total  velocities 


v,(t')  wfO 


u;(t’)  -  u;’(f)  ][  uj’(t")  -  u;'(t")  ] 

u/(t’)  u;(t")  +  u/’(f)u;’(t") 
-u.'(t’)  u;’(t")  -  u/’(f)  u;(t'') 


(3.129) 


In  most  cases,  Ivl  is  small  compared  with  lul  so  expressing  the  relative  velocity  correlation  in  terms 
of  total  velocity  may  lead  to  errors  of  subtraction.  The  Eulerian  correlations,  however,  are  much 
easier  to  measure  experimentally  than  are  the  joint  Lagrangian  correlation. 
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3.4.2  Relative  Dispersion  Modeling  Results 


Smith  and  Hay  (1961)  offer  some  enlightenment  into  the  nature  of  relative  particle  dispersion 
by  assuming  that  Lagrangian  and  Eulerian  velocity  correlations  have  a  similar  shape.  With  this 
assumption  they  are  able  to  develop  a  partition  of  the  turbulent  kinetic  energy  spectra  for  homoge¬ 
neous  turbulence  into  dispersive  and  translating  components  for  an  evolving  cloud  of  particles. 
These  contributions  to  puff  growth  and  mean  plume  wandering  are  complementary. 

For  a  small  source  in  homogeneous  turbulence,  they  find 

IT  ■  3  (3.130) 


which  is  valid  for  a  wide  range  of  the  dispersion,  except  very  near  the  source.  This  implies  that 
puff  size  varies  linearly  with  distance  from  the  source,  x,  or  travel  time,  x/ux.  With  the  propor¬ 
tionality  constant  C~  1,  Michelson  (1983)  finds  good  agreement  with  data  taken  in  neutral  atmo¬ 
spheric  conditions  for  continuous  plume  widths  using 


a 


y.r 


2 

9  u. 


(3.131) 


which  neglects  the  initial  source  dimensions. 

More  detailed  examinations  of  relative  cloud  dispersion  focus  on  numerical  Monte-Carlo 
simulations  of  two-particle  trajectories.  Two  basic  techniques  are  used.  The  first  simulates  the  full 
inter-particle  velocity  correlations,  whereas  the  second  method  is  a  conditional  one-particle  model, 
for  which  inter-particle  correlations  are  accounted  for  in  the  initial  velocities,  but  are  subsequently 
neglected. 

In  a  typical  application  of  the  first  method,  Lee  and  Stone  (1986),  model  the  two  particle 
velocities  as  a  Markov  process  in  homogeneous  turbulence.  The  particle  positions  are  advanced  in 
time  using 

y,,,'  =  yn'  +  u,'5t  (3.132) 

and 

y^^,’-  =  y„"-.u„"6t  (3.133) 

where  single  and  double  primes  indicate  different  particles,  the  subscript  indicates  a  step  increment, 
n  =  0,1.2,...,  and  5t  is  a  small  jump  in  time.  Velocities  are  given  by 

u^^, '  =  u„'  -t-  «  u„"  -t-  H  dW/’  +  dW;  (3.1 34) 
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(3.135) 


with  dWt'  and  dWt"  as  random  numbers  selected  from  a  Gaussian  distribution.  The  influence 
between  the  two  particles  is  assumed  to  be  symmetrical.  In  this  model,  the  coefficients  !^%C,  and 
2>  are  found  using  the  above  two  equations  and  the  two-particle  correlation  given  by 


UnU„  =exp 


y  -  y 
~ 


1 1'  - 1"  I 


(3.136) 


where  fis  the  Eulerian  integral  length  scale  and  tE(  1  -  Cy^  is  the  Eulerian  integral  time  scale  in 
the  convective  frame  of  reference.  This  exponential  correlation  is  a  direct  result  of  the  assumed 
Markov  properties  of  velocity,  but  does  neglect  the  proper  dissipative  and  inertial  range  scaling  of 
turbulence. 

Results  from  simulations  of  the  model  for  large  numbers  of  particle  pairs  are  presented  in 
terms  of  cyy(t),  Or,y(t),  and  Og_y(t)  versus  various  initial  particle  separations.  Asymptotic  limits 
show  relative  growth,  Cr^y(t),  is  proportional  to  travel  time,  t,  for  times  less  than  the  Lagrangian 
integral  scale  time,  whereas  for  large  travel  times  the  growth  is  proportional  to 

Models  given  by  Durbin  (1980)  and  Sawford  (1982a,b)  are  very  similar  to  the  outline  pre¬ 
sented  for  that  of  Lee  and  Stone  (1986),  except  in  both  of  these  cases  mixed  Eulerian  and 
Lagrangian  velocity  correlations  are  used  which  somewhat  complicates  the  analysis. 

An  application  of  the  conditional  one-particle  method  is  used  in  a  model  described  by  Lee  and 
Stone  (1983).  The  notation  is  presented  in  the  same  manner  as  for  the  two-particle  trajectory 
model.  At  the  finite  sized  source,  particles  are  correlated  through 


v'-v"  lt'-t’’l 

Uo'uo"  =  exp - ^ -  exp  , 


(3.137) 


where  the  arguements  have  the  same  definition  as  in  Eq.  3.154.  For  steps  n  >  0,  the  inter-particle 
correlations  are  neglected.  The  position  of  each  particle  is  found  independently,  through 

y„+i=yn  +  Un5t  (3.138) 

and 

Vi  =  ^Un  +  7dW,  (3.139) 

where  and  j  are  found  through  the  characteristics  of  the  turbulence,  consistent  with  the  theoreti¬ 
cal  discussion  already  presented  for  single  particle  dispersion.  In  numerical  simulations,  asymp¬ 
totic  limits  show  that  relative  growth  Or,y(t)  is  proportional  to  travel  time  t  for  small  times,  and  is 
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proportional  to  t^/^  at  larger  times.  This  is  the  same  result  found  for  the  two-particle  dispersion 
model. 

The  conditioned  one-particle  method  is  much  less  computationally  intensive  than  the  two- 
particle  trajectory  model.  Data  comparisons  at  this  point  are  unable  to  distinguish  between  the  rela¬ 
tive  suitability  of  either  method  in  modeling  dispersion.  It  is  possible,  however,  that  the  condi¬ 
tioned  one-particle  method  is  useful  near  the  source,  whereas  the  two-particle  method,  which 
maintains  the  effect  of  the  interparticle  velocity  correlations,  is  suitable  for  longer  travel  times. 

3.4.3  Relative  Dispersion  Measurements 


We  recall 

o^(t)  =  o2.(t)  +  a^  .(t) 


(3.140) 


where  ai(t)  is  the  total  mean  square  spread  of  a  ensemble  of  particles  a?,i(t)  is  the  mean  square  of 
their  spread  about  the  moving  center  of  mass,  and  <^i(t)  is  the  mean  square  spread  of  the  ensemble 
of  their  center  of  mass  trajectories.  For  our  purposes  this  expression  is  useful  in  analysis  of 
instantaneous  measures  of  crosswind  plume  profiles,  or  of  aerial  photographs  of  a  surface  level 
plume  in  the  atmospheric  boundary  layer. 

We  are  primarily  interested  in  shon  travel  times,  for  which  t  <  tt-  For  relative  dispersion,  we 
have  in  the  crosswind  plane 


Ov  X 


(3.141) 


from  Smith  and  Hay  (1961),  with  C~  1.  This  shows  relative  plume  width  is  proportional  to  travel 
time,  t  =  xAiji,  similar  to  the  more  elaborate  Monte  Carlo  models.  It  also  assumes  the  initial  source 
size  is  small.  For  small  dispersion  times,  we  find  the  total  mean  square  spread  from  Taylor  (1921) 
is  given  by 

Ov  X 

Oy  =  (3.142) 


so  the  ratio  of  relative  width  ar,y(x)  to  total  width  ay(x)  should  be  ~  0.22. 

Plots  of  data  for  Ovx/u,  versus  Oy(x),  Or,y(x),  and  Og,y(x)  will  yield  experimental  informa¬ 
tion  on  the  ratio  between  relative  plume  width  and  the  total  plume  width.  This  ratio  should  be  rela¬ 
tively  constant  for  short  travel  times  ( <  tL )  and  for  small  sources. 

Carras  and  Williams  (1986)  present  extensive  relative  dispersion  measurements  for  convec¬ 
tive  conditions,  using  dispersion  data  from  a  number  of  power  plants  and  smelter  plants  in 
Australia.  Plume  widths  were  measured  using  both  aerial  photography  and  flights  through  the 
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plume  with  plume-sensitive  instruments.  Near  field  data  are  given  for  relative  and  total  plume 
widths  for  dimensionless  distances  of  X  =  (xw*)/(ZiUx)  <  1,  whereas  relative  data  alone  are  given 

out  to  X  ~  15.  All  of  these  small,  isolated  sources  were  located  in  the  bottom  15%  of  the  boundaiy 
layer. 

For  the  data  taken  at  X  <  1,  both  Oy  and  Or.y  show  a  power-law  dependence  on  travel  time  t. 
The  average  ratio  between  Or.y  and  Oy  for  these  data  ranges  between  approximately  0.25  and  0.40 
for  different  sources,  a  result  which  is  fairly  consistent  with  the  conclusions  of  Smith  and  Hay 
(1961),  given  the  scatter  in  the  experimental  measurements  and  the  neglected  initial  source  size. 
For  larger  travel  times  (to  X  ~  15),  relative  plume  width  still  show  a  power-law  dependence  on  t. 
The  spread  in  the  relative  diffusion  data  for  aU  downwind  distances  is  nearly  a  factor  of  10,  which 
adds  to  the  difficulty  in  determining  an  average  ratio  between  ar,y  and  Cy. 

Mikkelson  (1983)  presents  relative  dispersion  data  for  a  small  ground-level  source  for  two 
dispersion  experiments  in  moderately  convective  conditions.  These  measurements  were  made 
from  aerial  photographs  and  were  limited  to  small  travel  times.  In  this  data  set,  dimensionless 
scaling  is  not  used,  but  data  are  presented  for  Oy(x),  ar,y(x),  and  (Jg,y(x)  as  a  function  of  down¬ 
wind  distance.  The  ratio  between  Or.y  and  Oy  is  about  0.28  for  these  data,  and  a  power-law 
growth  with  travel  time  is  seen  in  all  three  measures  of  the  plume  width. 

We  can  draw  several  conclusions  from  these  data.  Given  that  the  ratio  of  relative  to  total 
plume  width  is  approximately  0.22,  we  find  that 

o^,,  =  0.05o5 

and 

CT^  y  =  -  o^y  =  0.95  (3.144) 

so  that  the  greatest  fraction  of  the  total  plume  dispersion  is  due  to  the  wandering  of  the  mean- 
square  center-of-mass  trajectories. 

3.4.4  Peak  to  Mean  Ratios  Found  from  the  Relative  Dispersion  Analysis 

We  know  that  an  average  plume  crosswind  profile  follows  a  Gaussian  distribution,  and  the 
distribution  of  the  center  of  mass  trajectories,  through  the  central  limit  theorem,  will  also  converge 
to  a  Gaussian  distribution.  From  the  equation 

oJ(t)  =  o5y(t)  +  Og2^(t)  (3.145) 

we  require  that  the  ensemble  average  distribution  about  the  moving  center  of  mass  also  conform  to 
a  Gaussian  profile. 
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Gifford  (1959)  has  used  this  expression  in  a  wandering  plume  model  which  assumes  that  the 
instantaneous  profile  is  Gaussian,  and  is  described  by  the  relative  plume  parameters.  Because  the 
relative  plume  width  is  much  narrower  than  the  average  plume  width,  it  is  possible  t~  define  a  ratio 
of  the  centerline  concentration  of  the  relative  plume  to  that  of  the  time-averaged  plume  by 


exp 

Average  Oyj 


(3.146) 


Gifford  (1960)  refers  to  this  as  the  peak  to  average  concentration  ratio.  It  shows  a  minimum  at  the 
plume  centerline  and  increases  i  jward  the  plume  edge.  Another  derivation  from  this  analysis  is 
that  the  probability  distribution  of  concentration  is  continuous  and  follows  a  power  law. 

This  technique  of  estimating  peak  concentrations  is  based  on  the  assumption  that  the  instanta¬ 
neous  profile  is  Gaussian.  For  an  initially  spherical  puff  of  marked  fluid,  there  is  certainly  no 
guarantee  of  a  spherical  Gaussian  growth  as  noted  by  Richardson  (1926).  Distortion  will  be 
mainly  dependent  on  the  scales  of  eddies  nearly  the  same  size  as  the  expanding  cloud.  The  relative 
profile  is  Gaussian  only  after  an  ensemble  average  of  many  realizations.  Examples  of  irregularly 
shaped  instantan(X)us  profiles  and  the  Gaussian  shaped  ensemble  average  relative  profile  are  shown 
by  Muithy  and  Csanady  (1971)  using  a  florescent  tracer  release  in  a  lake  current  and  a  boat  fitted 
with  fast-response  underwater  instrumentation. 

Relating  the  properties  of  relative  dispersion  to  point  values  of  concentration  is  probably  best 
accomplished  using  the  stochastic  model  outlined  by  Durbin  (1980).  This  is  discussed  in  the  fol¬ 
lowing  sections.  Although  it  is  perhaps  adventageous  to  directly  relate  results  from  relative 
dispersion  measurements  to  point  concentration  probability  distributions,  the  stochastic  averaging 
technique  outlined  by  Durbin  indicates  this  is  not  an  easy  task. 


3.5  Concentration  Fluctuations  at  a  Point 

3.5.1  Variance  in  Concentration  at  a  Point 
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c  (x',  t'  )  c  (x",  t")  =  p  (  x',  t’,  x",  t"  ) 


(3.148) 


This  equation  can  be  manipulated,  according  to  Durbin  (1980),  by  integrating  over  a  suitably  small 
volume  %  and  dropping  the  time  dependance  for  convenience  to  get 


c^(x)  = 


_  1 


If 


4^  - 

^  V,.  V. 


c  (x')  c  (x"  )  dx'  dx" 


(3.149) 


which  is  equivalent  to 

J  J  p  ^ 


^  %  % 


1/-  L 


^  n  % 


'P(x',x”  I  Xq',Xq")  dxQ’dXjj" 


dx’  dx" 


or 


cV*)=q^i  f  r[  J|p(x„')p(x„") 


•'ll  "T) 


'P(x',x"  I  Xq’,Xq")  dXjj'dXp" 


dx'  dx" 


(3.150a) 


(3.150b) 


(3.150c) 


where  the  initial  source  configuration  is  specified.  A  conventional  definition  of  the  variance  at  a 
point  is  found  by  letting  x'  -  x"  ->  0,  and  implicitly  x’  -  x"  <  q,  where  q  =  is  the 

Kolmogorov  microscale.  This  may  be  written  as 


oo 

c^(x)  =  II  i™  p  (Xq’)  p(Xo")  • 

MM  ^  .  e\ 


y(x',x"  I  Xq’,Xq")  dxQ’dXp" 


(3.151) 


and  is  satisfied  in  the  limit  only  when  the  particle  pairs  follow  identical  trajectories,  which  is 
equivalent  to  the  single  particle  model 
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ee 

(^(x)  =  1  p^CXq)  •  4"(x  I  Xq)  dx^ 

-  oo 


(3.152) 


and  Cu^(x)  refers  to  concentration  fluctuations  over  an  unmixed  measurement  volume,  since  in  this 
definition  all  diffusive  and  turbulent  mixing  processes  are  neglected.  We  may  assume  that  p(x)  has 
a  uniform  value  of  one  over  a  very  small  region  'I'at  location  x.  The  variance  in  concentration  is 
found  through 

o^(x)  =  c^  (x)  -  [c(x)]  (3.153a) 


OQ 

oo 

C^(x)  =  q2  J  5^(1^  H^(x  1  Xq)  dXg  -  q^ 

-  oo 

J  5(0^  'P(x  1  Xq)  dXp 

-  oo 

/•  N 

0 

2  “ 

Cj2(x)  =  q^ 

j4'(x  1  Xq)  dxo  ■  “  J 

► 

(3.153b) 


(3.153c) 


or  from  Csanady  (1973), 

c^(x)  =  q  c(x)  -  c^(x)  (3. 1 53d) 

so  that  the  standard  deviation  Ou  is  a  function  only  of  the  mean  concentration  distribution.  This  is  a 
result  of  the  taking  the  measurement  volume  limit  x'  -  x"  — ^  0. 


Durbin  (1980)  offers  a  modified  definition  of  c2(x),  for  flows  with  a  large  turbulent  mass 
Peclet  number,  uT/2) ,  by  taking  (x'-x")/f-^  0,  so  that  we  still  have  x'-x"  >  Ti.  This  averaging 
is  applicable  to  many  experimental  measurements,  including  our  own,  where  the  sampling  volume 
is  somewhat  larger  than  7\.  In  this  definition,  contributions  to  fluctuations  in  concentration  can 
come  from  both  single  particle  contributions  and  the  mixing  of  particles  of  given  marked  concen¬ 
tration  within  the  measurement  volume. 

With  this  definition  and  taking  the  limit  of  a  small  sampling  or  measurement  volume 


or 


eo 

c\x)  =  q^  lim  p  (x^,’)  pfx^j")  • 

-  «  - »0 


'F(x',x"  I  Xp',Xq")  dxg'  dXp" 


(3.154a) 
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(3.154b) 


c^(x)  =  q2  j  j  p  (Xq')  p(Xo")  • 

-  oo 

Y(x,  X  I  Xq’.Xq")  dx^'clx^" 

for  the  second  moment  of  concentration  at  a  point  We  see  that  this  definition  still  depends  on  the 
two-particle  transition  probability  density  function. 

Solutions  of  the  Statistical  Formulations  for  Concentration  Variance 


We  can  find  analytical  solutions  of  the  second  moments  of  concentration  CuH^O  and  c2(x)  for 
a  simple  geometry.  Given  a  continuous  finite-sized  source  much  smaller  than  the  integral  scale  of 
the  turbulence,  we  can  write 


p(Xo)  = 


1/25  Xq<5 
0  ^0^  ^ 


(3.155) 


for  a  one  dimensional  problem.  The  mean  concentration  distribution  can  be  found  from  the  one- 
particle  model  and  is  given  by 

S 

I  (x.x'V  1 

dx'  (3.156) 


c(x)  =  ^  I  q/25  exp 


V 


y 


where  o*  is  a  function  of  time.  Since  q  is  uniform  over  the  range  -5  to  5  we  have,  from  Csanady 
(1973), 


c(x)  = 

45 


erf 


0  -  X 

0,72 


+  erf 


^  5  +  x  ^ 


(3.157) 


where 

erf  I  exp(-*  )dg 

is  the  error  function.  With  the  approximation  of  5  «  o*,  this  simplifies  to  the  familiar  result 

exp 


c(x)  =  — ^ 


(3.158) 


/iK  a. 


^  2  \ 
V  20^  y 


(3.159) 


where  Ox  is  a  function  of  time  and  q  is  the  total  source  strength.  To  find  the  relative  fluctuation 
intensity,  we  use 
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(3.160) 


The  fluctuation  intensity  is  given  by 

^  =0.9/2  [Tfg-J  exp  -  1  (3.167) 

This  solution  assumes  limits  of  S/f— >  0,  S/a*  — » C,  and  «  1.  Notice  that  centerline  values  for 

X  =  0  maintain  a  constant  value  with  increasing  time,  unlike  the  previous  definition.  In  this  analy- 
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sis,  we  see  that  the  centerline  value  depends  on  the  ratio  of  f/5,  whereas  the  crosswind  distribution 
scales  with  the  similarity  variable  x/o*. 


Eulerian  Conservation  Equation  Analysis 


The  Eulerian  species  conservation  equation  may  also  be  used  to  investigate  the  field  of 
concentration  variance.  We  limit  the  analysis  to  geometries  of  a  point  source  of  tracer  dispersing 
into  an  extended  homogeneous  region  of  turbulence  (in  one  or  more  dimensions).  An  analytical 
conservation  equation  for  mean  square  fluctuations  of  concentration  is  found  by  multiplying  the 
conservation  equation  for  fluctuating  concentration 


3cu'.  3u.c' 

^  +  - L  +  — !_ 

dt  3x.  dx. 

1  1 


d^c' 

dx^ 


(3.168) 


by  2c',  taking  an  ensemble  mean  average  and  using  the  continuity  equation  to  get 


dc 


3c'^  dc'^  — j — „ 

+  u.  —  =  -2  u'.  c'  ^  ^ 

at  'ox.  ‘  dx.  dx. 

I  1  1 


^dc’^  -7-J 

^D-^ - u  .c 

ax.  ' 


f  dc'  i 

-  2® 

dx. 

_ 

<  '  J 

(3.169) 


The  terms  in  this  equation  relate  respectively  to:  the  time  rate  of  change  of  the  mean  square 
fluctuations;  an  advection  term;  a  flux  term;  a  spatial  transfer  term  of  the  mean  square  fluctuations; 
and  a  dissipation  rate  of  the  mean  square  fluctuations. 

Csanady  (1973,  1967)  has  simplified  this  equation  for  a  steady  solution,  uniform  constant 
mean  flow,  and  used  a  gradient  transfer  approximation  and  an  assumed  axisymetric  Gaussian  mean 
concentration  profile  to  get  a  self-preserving  form  of  a  nonhomogeneous  ordinary  differential 
equation  governing  the  distribution  of  mean-square  fluctuations.  A  simpler  solution  can  be  found 
directly  from  the  concentration  variance  equation.  Assuming  low  diffusion  and  a  large  spatial 
transfer  term,  this  equation  reduces  to 


at 


+  u. 
1 


ac'^ 

dx. 

1 


(3.170) 


Using  a  gradient  transfer  approximation  this  becomes 


+  u. 

I 


ac'^ 

ax. 

1 


d_ 

dx. 

1 


ax. 

1 


(3.171) 


which  is  the  same  operator  found  for  the  equation  for  conservation  of  mean  concentration 
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(3.172) 


dc 

dt 


—  ^=  A- 

‘  dx.  dx. 


+  u. 


^ax. 


We  see  that  the  transport  of  concentration  variance  is  very  similar  to  the  transport  of  concentration 
itself. 


Solutions  for  the  Field  of  Concentration  Variance 


Practical  solutions  for  the  field  of  concentration  variance  can  be  formulated  along  the  same 
lines  as  those  used  in  the  Gaussian  plume  model  for  mean  concentrations.  One  partial  solution  for 
dispersion  from  a  point  source  is 

(jJ(x,y)  =  ac(x,0)exp 


L. 


2  \ 


(3.173) 


for  the  ground-level  distribution  of  concentration  variance  downwind  from  a  surface-level  source 
(of  concentration  variance)  with  y  in  the  crosswind  direction  and  x  in  the  downwind  direction. 
This  solution  retains  the  Gaussian  plume  solution  for  the  crosswind  direction  in  the  same  manner 
as  it  was  retained  for  the  mean  dispersion  in  Eq.  3.89.  The  length  scale  Gy ’s  the  same  as  used  in 
mean  dispersion  models,  by  virtue  of  the  similarity  in  operators  found  in  the  last  section. 

Using  a  different  scaling,  this  may  be  written  as 

,1/2 

I  (  ..2  \ 

Oc(x,y) 


C  (x,0) 


” 

f  2  > 

y 

a 

exp 

2o? 

^  y  J 

_ 

(3.174) 


where  a  =  ac(x,0)/c(x,0)  is  a  function  greater  than  one.  Since  the  variance  and  the  mean  concen¬ 
tration  show  a  Gaussian  distribution  (in  the  crosswind  coordinate,  at  least,  for  atmospheric 
sources),  the  ratio  of  standard  deviation  versus  mean  concentration  given  by  Oc(x,y)/c(x,y)  versus 
y/Oy,  leads  to 


<yc(x.y) 

c  (x,y) 


=  a  exp 


,2  ^ 


j 


(3.175) 


This  equation  shows  a  rapid  increase  in  concentration  fluctuation  intensity  with  increasing 
distance  from  the  mean  plume  centerline.  The  plume  centerline  concentration  fluctuation  intensity, 
Oc(x,0)/c(x,0)  =  a  is  uniquely  related  to  the  concentration  fluctuation  intensity  at  the  plume  center- 
line.  Variation  in  a  is  attributed  to  the  finite  and  varying  source  sizes  in  dispersion  experiments,  a 
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factor  which  is  insignificant  in  describing  mean  plume  profiles.  The  ratio  of  the  source  size  to  the 
characteristic  eddy  size  in  a  turbulent  flow  (measured  by  the  integral  scale)  will  control  the  center- 
line  concentration  fluctuation  intensity.  In  a  given  flow,  a  smaller  fmite-sized  source  will  have 
greater  fluctuations  of  concentration  downstream  and  will  fit  a  larger  a.  For  cases  in  which  the 
source  size  is  smaller  than  the  turbulent  integral  scale,  Csanady  (1973)  finds  a  >  1.  This  solution 
is  very  similar  to  that  found  by  Durbin  (1980)  using  statistical  analysis  techniques.  Both  solutions 
are  dependent  on  the  ratio  of  5/fand  the  crosswind  scaling  of  x/Ox. 

3.5.2  Probability  Density  Function  of  Concentration  of  a  Point 

Two  particle  correlations  are  necessary  for  prediction  of  second-order  spatial  correlations  or 
for  prediction  of  variance  in  concentration  at  a  point  To  predict  higher-order  moments  we  need  to 
follow  the  path  of  a  greater  number  of  correlated  particles  and  describe  the  evolution  of  a  proba¬ 
bility  density  function  given  by  where  n  is  the  number  of  correlated  particles 

and  also  the  maximum  order  of  any  calculated  moment  For  the  calculation  of  variance  at  a  point, 
we  have 

oe 

(  c^(x))  =  J|  p  (Xo’’*o")  (3.176) 


Higher  order  moments  would  come  from 


(  c"(x))  =  J...J  p  (Xq  \xq^\...xJ‘^)  'P(x  I 


.dx 


(n) 


(3.177) 


where  n  is  the  number  of  correlated  particles  and  also  the  value  of  the  calculated  moment 

These  calculations  have  been  accomplished  by  Kaplan  and  Dinar  (1988)  in  a  one  dimensional 
solution,  with  predictions  of  higher-order  moments  of  the  concentration  field.  Such  a  formulation 
requires  the  simulation  of  a  new  realization  of  the  velocity  field  at  each  time  step  for  each  particle 
location.  The  modeling  results  are  qualitatively  similar  to  experimental  measurements  from  Hanna 
(1984b). 

It  may  be  p>ossible  to  offer  a  quite  simple  form  of  the  probability  density  function  for  a  single 
point  X,  in  the  concentration  field  without  using  this  complicated  expression  for  the  motion  of 
correlated  particles  if  several  assumptions  are  applied.  In  this  analysis,  we  first  begin  with  a 
discrete  set  of  particles. 

In  a  spatial  region,  we  have  a  joint  p.d.f.  p(x^‘\x<2)„..x("),t).  Considering  a  discrete  repre¬ 
sentation  of  N  particles,  and  nonoverlapping  volumes  <jXn)  coinciding  with  the  posi- 
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tions  an  equivalent  specification  of  the  p.d.f.  at  an  instant  is  given  by 

p('p(i),lX2)^  <jXn)  t)  where 

p(  "PKOB  [  =  ^  , ...  cC^'‘’)  =  ^  ,t]  (3.178) 

and  ni  is  the  number  of  particles  within  'li.  For  independent,  identical  particles,  and  assuming  the 
distribution  is  not  a  function  of  the  actual  value  of  t,  this  is  the  polynomial  distribution 


]  =  C^  [  ...  [ 

i.Q(i>^Vq('1^^V...-Q('i^S] 


(3.179) 


"i-"k 


n  I  n  f  n  * 
r  •  k‘  0‘ 


n^  =  N  -  n^  - ...  - 


=  p  (x^‘^) 


-(n)’N 


In  turbulent  dispersion  these  particles  are  correlated.  This  correlation  decreases  with  increasing 
separation  in  both  space  and  time.  In  general,  for  this  correlated  system  of  particles,  we  require 
Q(i)...(k)('l^'\...7  7^^).  This  distribution  specifies  the  probability  of  finding  nj  particles  in  volume 
V(0  for  positions  1  to  k-1.  When  we  consider  only  a  single  location,  this  joint  distribution  reduces 
to  QcdCO^i)). 

Considering  this  volume  'P'at  a  single  location  x,  the  polynomial  distribution  (Eq.  3.179) 
simplifies  to  the  binomial  distribution 


p(x,N,n)  =p('p)  =  _^_[Q('^)f  [l-QI-^)] 
n!  (N-n)! 


(3.180) 


Looking  at  realizations  over  a  short  time  increment  At  within  a  much  longer  time  period  T, 
and  assuming  that  particles  move  independently  of  each  other  and  thus  arrive  at  x  at  random  times, 
the  condition  that  a  given  particle  is  within  volume  '^'is  given  by  At/T.  Similarly,  the  probability 
that  the  particle  is  not  within  Vis  (T-At)/T.  The  binomial  distribution  is  then 


p(x,N,n)  = 


n!  (N-n)! 


.n  r 

1  ^ 
T  J  [  T 


(3.181) 
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<”>A.=N 


T 


With  the  average  number  of  particles  found  in  Vgiven  by 

=  X 

the  distribution  can  be  written  in  terms  of  X 

N! 


(3.182) 


p(x,N,n)  = 


n!  (N-n)! 


A. 

N 


n.  ^  .Nn 

1-^ 

N 


(3.183) 


and  the  dependence  on  x  remains  because  X,  is  a  function  of  position. 

We  now  take  N  and  T  to  infinity  while  holding  X  constant,  first  by  expanding  the  factorial 

if  ■“ 


p(x,n)  =  ^  N(N-l)(N-2)...(N-n+l] 
n! 


1 

N 


n! 


taking  the  limit  of  large  N 


[  1-Xl 

1 

X  ■ 

L  nJ 

N  J 

N 

N  . 

Nn 


(3.184a) 

(3.184b) 


p(n)=Jim^  P(N,n) 


“ 

<  -  V 

f'  -  \ 

/  N 

Nn' 

1-— 1 

l.n-n 

1-^ 

1  N  J 

1  n)- 

1  N  J 

1  nJ 

N  J 


N 


(3.184c) 

(3.184d) 


which  yields  a  probability  density  function. 


p(x,n)  =  ^  exp  ( -  X  ) 


(3.184e) 


Such  a  distribution  has  been  shown  to  apply  for  discrete  particles  dispersing  in  a  fluid  (Adrian, 
i983b),  where  both  the  measuring  volume  and  particle  concentration  are  very  small  and  the  field  is 
continuous. 

In  some  cases  X  is  a  very  large  number,  so  that  interest  is  associated  with  only  values  of  n 
which  are  close  to  the  mean  X.  We  have 


log  [  ]  =  n  log  X  -  X  -  log  n! 

Using  Sterhng's  formula,  we  have 


(3.185) 
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log  p(n)  =  n  log  ^  -  A.  -  ”  2  log  n  -  j  log  27C  +  £X  n'M 


Letting  n  -  A.  +  5,  yields 


log  p(x,n)  =  -  ^  +  S  + 


1  1  (  S  ^ 

J  log  1  7"  +  8  -  log  (  27iX  )  +  tXn'^) 

V  ^  J  ^ 


(3.186) 


(3.187) 


Now  using  —  «  1  and  a  series  expansion  for  the  logarithm,  we  have 

X. 


log  p(x,n)  =  -  ^  -  i  log  ( 2icX. ) 


(3.188) 


p(x,n)  = 


(  2kX  ) 


exp 


(3.189) 


which  is  a  Gaussian  distribution. 

In  other  cases,  X,  is  a  very  small  number  and  the  domain  of  interest  is  for  small  n.  For  the 
Poisson  probability  density  function 


1 " 

p(x,n)  =  exp  ( -  X, ) 


the  probability  distribution  is  given  by 


1  ^ 

P(x,n  =  k)  =  ^  ^exp  ( -  X, ) 


(3.190) 


(3.191) 


and  normalization  for  n  — >  <»  is 


2  3 

P(x,n->«>)  = 

=  exp  (X.)  exp  (-X,)  =  1 


For  n  =  0 


and  for  n  >  0 


P(x,0)  =  exp  ( -X, ) 


F*rob  [n>0]  =1-  exp(-X) 


(3.192) 


(3.193) 


(3.194) 


It  is  of  use  to  apply  this  distribution  to  a  continuous  field  of  concentration,  rather  than 
discrete  particles.  For  the  period  when  material  is  present  at  location  x,  we  have 
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(3.195) 


Prob  [n>0]  =  i-  exp(-X,)  =  1  -  exp 
T 

where  =  Cs(x)  represents  the  average  sample  size  and  At  =  c(x)  represents  the  particular  sample 
size  of  interest,  so  for  a  representation  in  continuous  variables 


Prob[c(x)lc(x)>0]=i.exp 


c(x)  " 
Cs(x)  , 


(3.196) 


which  is  valid  only  for  the  period  for  which  material  is  present  at  x,  or  c(x)  >  0.  The  value  Cj 
represents  the  conditional  mean  concentration,  averaged  only  over  periods  of  positive  concen¬ 
trations.  This  distribution  can  be  made  valid  for  the  condition  c(x)  =  0  by  explicitly  including  the 
intermittency  I,  which  is  defined  as  the  fraction  of  time  that  marked  fluid  is  present  at  the  sampling 
location. 

I(x)  c  '' 

P(x,c)=  1 -Iexp|^--r-^j  (3.197) 


and  the  total  mean  c  is  related  to  the  conditional  mean  Cs  through 


The  probability  density  function  for  this  distribution  is  given  by 


P  (X,  c  )  =  _  exp 

c  (x) 


I(x)c 
c  (x) 


+  [  1  - 1 3  5  (c) 


(3.198) 


(3.199) 


There  are  two  independent  parameters  in  this  distribution,  and  we  can  relate  the  standard  deviation 
in  concentration,  the  mean  concentration,  and  the  intermittency,  through 


(3.200) 


Note  that  the  derivation  of  this  distribution  assumes  the  values  of  I(x)  or  c(x),  are  only  functions 
of  position  (and  not  time)  the  motion  of  a  particle  is  independent  of  other  particles,  and  the  value 
of  X  is  small. 

With  X.  =  N  (At  /  T  ),  an  estimate  of  N  is  necessary  to  determine  the  validity  of  using  the 
exponential  distribution.  One  estimate  is  given  by  Neff  =  (T/2tL)  where  tt  is  the  Lagrangian  integral 
scale  of  the  turbulence.  We  now  have  X,  =  At  /2tL,  and  values  of  tt  in  the  atmosphere  for 
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microscale  measurements  are  several  minutes  in  duration.  Sampling  rates  of  one  to  ten  seconds 
will  clearly  give  a  small  value  of  X  and  an  exponential  -  like  probability  distribution. 

In  some  atmospheric  measurements  of  concentration,  instruments  with  response  times  of 
several  minutes  are  often  considered  to  be  fast  enough  to  capture  transient  data.  This  analysis 
shows  that  these  slower  responding  instruments  will  bias  histograms  of  the  data  through  instru¬ 
ment  smoothing.  This  biasing  is  also  likely  to  occur  in  smaller  scale  turbulent  flows,  for  which  a 
correspondingly  faster  instrument  is  needed.  In  some  cases,  the  smoothing  will  not  be  a  artifact  of 
the  instrument,  but  wUl  be  due  to  molecular  dissipation.  To  avoid  this  smoothing,  a  large  turbulent 
mass  Peclet  number  yi'C/T)  is  needed,  and  the  application  of  Eq.  3.197  is  limited  to  early  stages  of 
the  dispersion. 

3.5.3  Concentration  Exceedance 


Useful  information  on  statistics  and  concentration  probability  can  be  found  from  the  single 
point  probability  distribution  of  concentration.  From  the  probability  density  function,  we  can 
determine  information  such  as  the  probability  that  a  given  concentration  level  occurs,  or  from  the 
probability  distribution,  we  can  find  the  probability,  Pq  =  Pfciimit),  that  a  given  concentration 
ciimit.  is  not  exceeded,  or  the  probability  (1  -  Pq)  that  it  is  exceeded.  For  the  probability  distribu¬ 
tion  given  by 


f 

P(c)  =  1-1  exp 

V 


(3.201) 


which  is  valid  for  dispersion  from  a  point  source,  the  probability  that  ciimit  is  exceeded  is  given  by 


Prob  [  ^  ^  ]  =  1  -  P  (  Cj.^.j )  =  I  exp 


(3.202) 


Using  probability  theory  we  also  may  determine  the  mean  continuous  length  of  time  that  a 
given  concentration  will  be  exceeded.  This  is  a  more  specific  function  than  provided  by  the  inte¬ 
gral  scale  of  the  concentration  signal  which  is  really  only  a  measure  of  the  average  lower  frequency 
concentration  fluctuations.  More  generally  we  can  determine  the  probability  that  the  concentration 
level  Ciimit  will  be  exceeded  for  any  arbitrary  time  interval  tiimii- 

This  type  of  information,  where  the  probability  of  occurrence  is  specified  for  both  an  expo¬ 
sure  level  and  a  time  increment  can  be  useful  in  cases  for  which  the  biological  effect  of  exposure  is 
a  nonlinear  function  of  dose  and  time.  This  specification  may  also  be  used  to  estimate  the  expected 
mean  concentration  and  variance  in  that  mean  concentration  over  any  given  time  interval. 
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The  Probability  Distribution  of  Concentration  Exceedance 


For  any  given  concentration  ciimit  we  can  achieve  a  probability  distribution  of  the  time  dura¬ 
tions  that  the  value  of  cumit  is  exceeded.  We  may  first  use  the  particular  ciimit  to  generate  a  step 
function  from  a  record  of  concentration  which  is  unity  for  c  >  ciimit  and  is  equal  to  zero  for  c  < 
Ciimit-  Working  with  this  step  function,  we  are  interested  in  the  distribution  of  time  intervals  that 
our  step  function  is  equal  to  1.  If  this  set  of  time  intervals  is  random,  their  distribution  is  governed 
by  a  Poisson  process.  It  is  useful  to  note  here  that  the  total  fraction  of  time  that  the  step  function  is 
equal  to  1  is  given  by 


>  c 


limit 


-I 


Q 

limit 


(3.203) 


We  may  analyze  this  distribution  of  time  intervals  by  defining  another  function  comprised  of 
delta  functions  which  occur  as  c  =  cijnut  and  dc/dt  I  cynu,  >  0.  These  delta  functions  define  tlie  start 

of  an  episode  of  c  >  ciimit-  An  example  of  these  step  and  delta  functions  for  a  particular  concen¬ 
tration  signal  is  shown  in  Figure  3.1.  The  distribution  of  these  discrete  delta  functions  will  be 
random  in  time  and  is  given  by 


p(j,  Xt) 


iXti 

j 


exp  ( -  Xt ) 


(3.204) 


where  X  is  the  average  number  of  events  per  unit  time  and  j  is  the  number  of  events  found  in  the 
time  interval  t.  For  a  given  time  interval  t  we  are  looking  for  zero  delta  function  events  in  that 
interval,  so  that  the  occurrence  of  c>  cumit  can  be  at  least  as  long  as  the  interval  T.  For  this  situa¬ 
tion,  j  =  0,  so  that 


Prob  [j=0]  =  p(0,  Xt)  =  exp  ( -Xt )  (3.205) 

Now  if  any  delta  function  events  are  found  in  the  time  interval  T  we  know  that  c  >  Ciinut  is  not 
satisfied  for  the  entire  interval.  Because  the  assumption  of  randomness  implies  that  past  knowl¬ 
edge  has  no  bearing  on  the  occurrence  of  any  future  event’,  the  probability  distribution  of  finding 
at  least  a  single  delta  function  event  in  a  time  interval  t  is  the  complement  of  the  above  equation,  or 

P(t )  =  1  -  exp  ( -Xt )  (3.206) 

so  the  distribution  of  these  single  events  is  exponential  in  time. 


1  Knowledge  of  the  starting  time  of  an  episode  of  c>  gives  no  help  in  determining  when  it  will  end,  and,  once 
it  has  ended,  contributes  nothing  to  determining  the  next  occurrence  of  c>  Cijj,,;,. 
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lime  (s) 


Figure  3.1  An  example  of  the  step  and  delta  functions  for  a  record  of 
concentration  at  a  point.  The  limiting  value  of  concentration  is 
set  at  an  arbitrary  level  for  the  concentration  signal  in  (a),  the 
step  function  found  using  this  level  is  shown  in  (b),  and  the 
delta  function  defined  at  die  start  of  each  positive  transition  in 
the  step  is  given  in  (c). 


106 


To  relate  this  back  to  the  expected  duration  of  a  single  episode  of  c>  ciimit,  we  know  that  the 
average  number  of  delta  function  events  in  an  arbitrary  time  interval  T  is  N=’n^  with  T  » t.  This 
is  also  the  number  of  continuous  individual  occurrences  of  c  >  ciimit  in  the  same  time  interval. 
Knowing  the  number  of  events  of  c>  Ciimit  and  the  total  time  for  which  c  >  Ciimit  in  the  time  T,  as 


[  1  -  P(  c,.  .  )  ]  = 

limit 


T  I  exp 


-I 


limit 


yields  the  average  duration  of  single  events  c  >  cunut  as 


TI  exp 


c  .  ^ 

limit 


N 


^  )  It 

-  =-Iexp 


-I 


c  .  > 

limit 


so  the  rate  X.u  is 


I  exp 


-I 


Q 

limit 


(3.207) 


(3.208) 


(3.209) 


The  probability  distribution  in  time  of  these  events  c  >  Cijmit  given  by 

=l-exp(-X„t) 


Note  that  the  distribution  is  valid  for  any  cumit.  including  ciinut  =  0,  which  demarcates  the  presence 
or  absence  of  material  at  the  sampler.  It  is  also  important  to  note  that  the  function  X=A,(ciinut).  is 
unknown  at  this  point.  The  distribution  of  temporal  exceedance  levels,  given  some  arbitrary  tiimii, 
may  be  written  as  Prob  [  t  >  tumit  I  c  >  ciimit  ]  =  1  -  P(  1 1  c>  ciimit )  =  exp  ( ->^t ). 


Noting  that  the  period  of  time  that  c  <  ciimit  over  a  time  T  is 


T  P(  c,  .  )  =  T 

limit 


1  - 1  exp 


-I 


c,,  . 

limit 


(3.210) 


and  that  the  rate  of  events  X,  for  c  =  Ciimi,  and  dc/dt  1  >  0  is  the  same  as  that  for  c  =  ciinut  and 

dc/dt  I  cijjnjt  >  0,  then  we  can  find  the  average  rale  and  the  probability  distribution  of  contiguous 
periods  of  time  for  which  c  <  ciimii  using 


1 


1  - 1  exp 

V 


-I 


Q 

limit 
C  . 


(3.211) 


and 
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(3.212) 


Although  the  values  of  and  Xu  can  be  found  in  terms  of  X,  the  form  and  value  of  X  is  still 
unknown. 

Average  Duration  or  Rates  of  a  Concentration  Exceedance 

One  obvious  method  of  determining  the  function,  X(ciin,it)  =  N/T,  is  directly  from  the  time 
record  of  data.  To  find  the  number  of  times  N  that  cjimit  is  exceeded  in  a  duration  T,  we  can  count 
the  events  over  the  record  where  both  the  concentration  is  equal  to  ciimit  and  dc/dt  1  cjimit  >  0, 
which  is  simply  the  condition  for  a  delta  function.  Counting  these  conditional  events  gives  the 
same  result  as  counting  the  number  of  continuous  bursts  greater  than  cumit  in  determining  N. 

It  is  evident  that  the  actual  determined  value  of  N  and  X  depends  on  the  total  record  length  T, 
and  the  sampling  interval  of  the  data  At.  The  probability  distribution  of  time  increments  t,  as  well 
will  be  affected  by  the  finite  bandwidth  of  the  sampled  data.  For  a  sampling  record  of  duration  T, 
the  longer  duration  intervals  will  be  undersampled,  or  if  t  >  T,  they  will  not  be  found  at  all.  At 
smaller  values  of  t,  we  will  not  detect  occurrences  of  c  >  ciimii  less  than  At  in  duration,  but  will 
instead  find  higher  a  number  of  occurrences  just  above  At  than  would  be  present  in  data  unbiased 
by  the  sampling  speed.  In  our  own  experiments,  the  data  have  been  sampled  at  a  rate  which  wUl 
hopefully  make  these  effects  on  the  average  value  1 A  negligible.  The  sampling  speed  necessary  to 
entirely  avoid  this  high  frequency  bias  is  near  the  dissipation  range  of  the  concentration  fluctuations 
which  is  entirely  beyond  the  capability  of  our  instruments. 
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4.  METEOROLOGICAL  INSTRUMENTATION  AND 
MEASUREMENTS 

In  the  field  dispersion  experiments  we  have  undertaken,  it  was  necessary  to  measure  and 
adequately  characterize  three  basic  items:  the  wind  field,  the  source  and  passive  tracer  character¬ 
istics,  and  the  concentration  field  downwind  from  the  source.  Descriptions  of  the  dispersion  site 
and  background  information  are  given  in  this  chapter.  This  includes  discussions  of  the  wind  mea¬ 
surements  and  instruments,  meteorological  data  reduction,  and  sampler  placement  for  each  of  both 
the  Camp  Atterbury,  Indiana  site  and  the  Meadowbrook  site. 

For  the  remaining  instrumentation  a  general  discussion  is  presented  in  Chapter  5.  This 
includes  information  on  the  aerosol  characteristics  and  mean  dosage  sampling.  Descriptions  of  the 
fog-oil  smoke  source  and  chemical  analysis  method  are  given,  followed  by  similar  information  for 
the  HC  smoke.  Chapter  5  concludes  with  a  discussion  on  the  design  and  development  of  the  real¬ 
time  sampling  system. 

4.1  The  Camp  Atterbury  Site 

The  Camp  Atterbury  site  consists  of  an  open  field  approximately  1  km^  in  size.  Over  this 
area  the  terrain  is  moderately  flat  with  a  maximum  elevation  difference  of  less  than  6  m  and  with 
the  ground  cover  consisting  of  dense  weeds  0.5  to  1.5  m  tall  and  small  isolated  stands  of  decid¬ 
uous  trees  5  to  20  m  tall.  The  terrain  surrounding  this  field  consists  of  hills  and  ridges  rising  up  to 
45  m  above  the  open  flat  area.  The  terrain  upwind  of  the  selected  release  point  is  relatively  flat  for 
a  distance  of  800  m  before  rising  into  the  surrounding  hills,  and  is  about  25%  forested  with  decid¬ 
uous  trees  10  to  20  m  tall.  During  the  November  testing  period,  the  trees  were  bare  of  leaves.  A 
map  of  the  test  site  with  instrumentation  employed  for  the  experiments  is  shown  in  Figure  4.1. 

4.1.1  The  Sampling  Grid  at  Camp  Atterbury 

To  aid  in  the  orientation  the  sampling  grid,  meteorological  records  for  the  previous  two  years 
were  acquired  fiom  the  National  Weather  Service  in  Indianapnjlis,  which  is  60  miles  north  of  the 
site.  In  analysis  of  these  data,  Liljegren  (1989)  found  the  predominant  wind  direction  is  from  the 
southwest.  Two  weeks  before  experimentation  began,  we  erected  two  portable  wind  vanes  at  the 
locations  shown  in  Figure  4. 1  and  logged  wind  and  temperature  data.  These  data  confirmed  the 
wind  directions  determined  from  the  long  term  records.  Figure  4.2  shows  a  time  trace  of  wind  and 
temperature  records  for  these  two  stations.  The  wind  direction  during  the  daytime  is  from  the 
northwest  and  is  fairly  regular  except  for  frontal  passage  on  October  17.  Stable  nighttime  tests  at 
this  site  are  not  possible  because  of  stagnant  nighttime  conditions. 
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•  Sampling  locations 
A  Source  location 

+  Particle  size  sampling  instrument  locations 
B  Micrometeorological  tower 

■  Meteorological  stations  operated  prior  to  dispersion  tests 

Figure  4. 1  Topographical  map  of  the  dispersion  test  site  at  Camp  Atterbury.  Elevations  are  in 
feet  above  sea  level  with  isopleths  in  increments  of  10  ft.  The  horizontal  grid  is  in 
Universal  Tranverse  Mercator  coordinates  with  marked  increments  of  1  km. 
Topographical  data  are  from  a  USGS  map  of  Ninevah,  Indiana. 
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Figure  4.2  Long  term  meteorological  data  from  Camp  Atterbury  beginning  on 
October  14,  1987  at  midnight  and  continuing  for  six  days. 


The  samplers  were  located  in  lines  at  geometrically  increasing  distances  from  the  source  of 
100  m,  200  m,  300  m,  500  m  and  800  m.  Each  line  of  samplers  subtended  at  least  a  90°  degree  arc 
from  the  source,  except  for  the  farthest  transect  which  consisted  of  just  4  sampling  locations. 
These  sampling  transects  are  shown  in  the  map  of  Figure  4.1. 

4.1.2  Meteorological  Instrumentation  at  Camp  Atterbury 

In  the  most  simple  conditions  of  uniform  terrain  and  stationary  atmospheric  conditions,  mea¬ 
surement  of  a  single  vertical  profile  of  velocity  and  temperature  would  be  sufficient  to  adequately 
characterize  the  state  of  the  atmosphere.  Although  the  Camp  Atterbury  site  was  not  perfectly 
uniform,  we  believed  a  single  vertical  profile  measurement  near  the  center  of  the  dispersion  site 
was  adequate  for  our  purposes. 

This  vertical  profile  was  measured  with  a  single  meteorological  tower.  Wind  and  temperature 
sensors  were  located  at  geometrically  increasing  heights  of  2  m,  4  m,  6  m,  and  10  m.  At  all  of 
these  levels,  the  wind  speed  was  measured  with  a  Gill  three-cup  anemometer.  This  anemometer 
consists  of  a  vertical  bearing-mounted  spindle  with  three  axially  mounted  hemispherical  cups.  The 
rotation  of  the  spindle,  and  thus  the  wind  speed,  is  monitored  through  a  photochopper  output.  The 
horizontal  wind  direction  was  monitored  at  the  2-m  height  with  a  Gill  microvane.  At  the  higher 
levels  both  the  horizontal  and  vertical  angles  of  the  wind  direction  were  measured  with  Gill 
bivanes.  The  microvane  consists  of  a  counterbalanced  vane  with  a  vertically  oriented  flat-plate  tail 
fin  and  is  free  to  rotate  in  a  plane  parallel  to  the  ground,  with  the  position  sensed  through  a  poten¬ 
tiometer.  Each  bivane  consists  of  a  gimbal-mounted  vane  free  to  rotate  through  both  vertical  and 
horizontal  deflection  angles.  The  tail  of  the  vane  has  both  vertical  and  horizontal  flat-plate  fins. 
Both  axes  of  the  vane  position  are  sensed  through  gear-driven  potentiometers.  All  wind  instru¬ 
ments  were  manufactiffed  by  R.M.  Young, 

Since  each  of  these  instruments  measure  only  a  part  of  the  needed  wind  vector  at  a  given 
height,  careful  matching  of  the  instrument  response  between  the  vanes  and  anemometers  is  neces¬ 
sary.  The  manufacturer  accomplishes  this  by  matching  the  phase  lag  of  both  the  wind  speed  and 
direction  sensors  to  minimize  the  total  errors  in  the  calculated  wind  vector.  The  response  of  these 
instruments  is  such  that  frequency  spectra  of  the  wind  data  will  be  unbiased  by  the  instruments  up 
to  at  least  0. 1  Hz  or  better  for  all  tests.  Wind  variances  will  always  be  underestimated  due  to  the 
low  pass  filtering  effects  inherent  in  these  instruments  and  the  finite  averaging  period;  the  degree  of 
error  depends  on  the  particular  atmospheric  conditions  of  each  test  as  quantified  in  Section  4.1.2. 

Temperature  was  monitored  at  all  the  instrumented  heights  using  Campbell  Scientific  thermis¬ 
tor  temperature  sensors  mounted  in  aspirated  radiation  shields.  These  shields  minimize  solar  heat¬ 
ing  of  the  sensors  thus  reducing  radiation  errors.  Although  these  sensors  have  a  relatively  slow 
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response  time,  they  are  sufficient  for  determining  mean  temperatures  and  the  vertical  temperature 
gradient. 

All  sensor  outputs  were  sampled  using  a  Campbell  Scientific  2 IX  Micrologger  coupled  with 
a  Zenith  Z- 1 8 1  portable  computer  for  archiving  the  data  onto  floppy  disks.  AU  inputs  were  sam¬ 
pled  at  a  frequency  of  1  Hz. 

The  above  data  are  augmented  by  wind  and  temperature  measurements  taken  near  the  source 
location  at  a  height  of  2  m.  The  near  source  measurements  are  made  using  a  Gill  wind  monitor 
from  R.M.  Young.  This  device  is  a  polystyrene  wind  direction  vane  with  a  vertical  airfoil  tail  and 
a  helical  four-blade  propeller  at  the  head  of  the  vane  for  measuring  the  wind  speed.  The  fr^equency 
spectra  of  the  wind  measurements  are  unbiased  up  to  at  least  0. 1  Hz  or  better  for  all  tests.  The 
degree  that  variances  of  the  wind  speed  and  direction  are  underestimated  through  the  response  of 
this  instrument  is  quantified  in  Section  4. 1 .2. 

Cup  and  propellor  anemometers  usually  give  slighlty  different  wind  sjjeeds  in  the  field,  even 
though  they  typically  yield  identical  values  in  steady  wind  tunnel  calibrations.  This  is  because  the 
cup  anemometer  over-responds  to  wind  velocities  in  the  vertical  plane  whereas  the  helical  propellor 
follows  a  more  ideal  cosine  response  function  for  off-axis  winds.  MacCready  (1966)  has  found 
the  cup  anemometer  to  overestimate  true  wind  speed  by  up  to  6%  whereas  errors  for  the  propellor 
anemometer  were  found  to  be  less  than  1%. 


4.1.3  Meteorological  Parameters  and  Scaling  Variables 

Upon  averaging  the  meteorological  measurements,  we  find  that  the  velocity  increases  as  a 
function  of  height  at  the  meteorological  tower.  In  all  cases  the  2-m  velocity  measured  at  the  source 
is  smaller  than  the  2-m  value  measured  on  the  meteorological  tower.  This  difference  is  larger  than 
can  be  attributed  to  the  different  wind  instruments  at  the  two  locations  and  may  be  caused  by  the 
changes  in  terrain.  The  vertical  temperature  profile  in  most  cases  is  not  smooth  but  instead  shows 
an  apparent  change  in  temperature  gradient  within  the  height  of  the  meteorological  tower.  This 
may  be  due  to  the  limited  accuracy  of  the  sensors  or  an  effect  of  the  changing  terrain  surrounding 
the  tower.  All  of  these  tests  were  conducted  in  the  daytime  during  which  we  expect  conditions  to 
range  from  near  neutral  to  very  convective. 

Surface-Laver  Scaling 


Surface-layer  scaling  parameters  in  the  atmosphere  can  be  determined  using  several  different 
methods.  Our  analysis  is  based  on  the  bulk  Richardson  number  defined  by 


Ri 

_2 
T  u 


(4.1) 
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where  T  and  u  are  typically  taken  at  the  10-m  height  and  AT  =  T  -  Tq.  The  value  of  Rie  can 
establish  the  relative  stability  of  the  atmosphere  over  the  test  site.  Larger  positive  values  indicate 
more  stable  conditions  and  larger  negative  values  indicate  greater  instability. 

The  bulk  Richardson  number  Ris  is  used  to  find  surface-layer  scaling  parameters  in  a  method 
given  by  Irwin  and  Binkowski  (1981).  We  first  need  an  estimate  of  the  roughness  height  zq  for 
the  test  site.  A  crude  estimate  from  Randerson  (1984)  gives  zq  as  10%  of  the  vegetation  height. 
This  yields  a  value  of  zo  =  0.10  m.  The  elevation  variation  over  the  1  km^  test  site  (4.2  m  root 
mean  square)  will  also  contribute  to  the  roughness  height  so  the  value  of  0.10  m  is  probably  an 
underestimate.  However,  the  underestimation  of  roughness  height  is  recommended  by  Irwin  and 
Binkowski  when  employing  their  method. 

Benoit  (1977)  provides  a  velocity  function  F  =  u/u,  for  unstable  conditions  which  is  given 
by 

u  (z)  _  1 
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where 
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The  corresponding  temperature  function  is 
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Finally,  Ria  is  related  to  F  and  G  through  the  expression 
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(4.8) 
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In  these  equations  we  use  coefficients  of  it  =  0.4,  R  =  1.0,  and  y  =  Y  =  16  from  Dyer  (1974).  The 
temperature  and  velocity  functions  F  and  G  are  similar  in  form  to  those  given  by  Paulson  (1970) 
and  Businger  et  al.  (1971)  except  they  include  a  dependence  on  the  roughness  height  zq. 

To  determine  surface-layer  scaling  parameters,  we  first  determine  Ris  from  the  data,  then 
estimate  zo,  and  lastly  find  L  through  an  iterative  solution  of  the  functions  F  and  G.  The  6-m  wind 
velocity  is  used  in  these  calculations.  For  AT  the  2-m  and  6-m  values  are  used  because  of  apparent 
errors  in  the  10-m  temperature  measurement.  Other  characteristic  parameters  may  also  be  found. 
These  include  the  friction  velocity 


the  temperature  parameter 


T, 


lA. 

Lk  g 
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and  the  heat  flux 
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where  H  is  expressed  in  units  of  W/m^.  These  parameters  are  shown  in  Table  4.1  for  the  tests  at 
Camp  Atterbury. 

The  vertical  profiles  of  temperature  and  velocity  we  have  measured  should  follow  surface- 
layer  scaling  with 


u  (z)  = 


k 


(4.12) 


and 


R  T 

T(z)  =  To.^ 


'  z  ^ 

In 

-  V.  (z/L,  Z(/L) 


(4.13) 


These  relations,  with  some  algebraic  manipulation,  are  plotted  in  Figures  4.3  and  4.4.  The  empiri¬ 
cal  relations  for  and  \)/h  are  found  from  the  functions  F  and  G  given  in  Eqs.  4.2  and  4.5.  Other 
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Figure  4.3  Mean  velocity  profiles  from  Camp  Atterbury  meteorological  data.  Values  of  L, 
u*,  and  T*  in  these  graphs  are  from  a  bulk  Richardson  number 
parameterization  discussed  by  Irwin  and  Binkowski  (1981)  that  uses  empiral 
parameters  from  Dyer  (1974).  A  roughness  height  of  0.10  m  is  used  and  data 
from  both  the  meteorological  tower  and  the  source  are  shown. 
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Figure  4.4  Mean  temperature  profiles  from  Camp  Atterbury  meteorological  data. 

Values  of  L,u,,,  and  T.  in  these  graphs  are  from  a  bulk  Richardson  number 
parameterization  discussed  by  Irwin  and  Binkowski  (1981)  that  uses  empiral 
parameters  from  Dyer  (1974).  A  roughness  height  of  0.10  m  is  used  and  data 
from  both  the  meteorological  tower  and  the  source  are  shown. 
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Table  4.1  Meteorological  scaling  values  for  the  Camp  Attcrbury  dispersion  tests. 


I 

I 


Test 

UxlO  m 

(m/s) 

L 

(m) 

u* 

(m/s) 

H 

H 

(W/m2) 

H 

w, 

(m/s) 

1103871 

5.54 

-63 

0.61 

-0.45 

341 

668 

1.83 

1104871 

5.11 

-51 

0.59 

-0.51 

372 

305 

1.46 

1104872 

4.66 

-243 

0.44 

-0.06 

33 

1135 

1.00 

1106871 

1.60 

-12 

0.26 

-0.42 

138 

557 

1.30 

1109871 

4.36 

-46 

0.51 

-0.41 

256 

649 

1.68 

1110871 

7.07 

-110 

0.72 

-0.34 

300 

448 

1.57 

1110872 

5.17 

-68 

0.57 

-0.33 

229 

434 

1.42 

1112871 

4.91 

-63 

0.54 

-0.34 

228 

816 

1.73 

1113871 

4.30 

-53 

0.49 

-0.33 

199 

500 

1.41 

comparable  forms  of  and  yj,  come  from  Paulson  (1970),  Businger  et  al.  (1971),  or  Dyer  and 
Hicks  (1970)  for  flat  terrain. 

For  the  velocity,  values  at  higher  levels  on  the  meteorological  tower  and  at  the  source  location 
are  all  overpredicted  by  up  to  50%.  The  sensitivity  of  the  profile  fit  can  be  found  by  varying  the 
value  of  zo-  A  100%  change  in  zq  gives  a  change  in  L  of  ±44%  and  a  change  in  u*  of  ±1 5%.  In 
contrast,  the  same  change  in  zo  gives  only  a  2%  change  in  the  convection  velocity  w*.  Ihe  con¬ 
vection  velocity  is  an  upper-layer  scaling  parameter  which  should  be  insensitive  to  zo- 

The  scatter  of  the  temperature  data  about  the  predicted  profile  in  Figure  4.4  is  considerably 
greater  than  that  shown  in  the  velocity  profile  in  Figure  4.3.  This  scatter  may  be  due,  in  part,  to 
the  limited  accuracy  of  the  temperature  sensors,  but  it  may  also  be  due  to  the  varied  terrain  sur¬ 
rounding  the  test  site.  Recalling  the  data  for  long-term  measurements  shown  in  Figure  4.2,  the 
daytime  temperature  found  at  the  hill  station  near  the  test  site  is  consistently  higher  than  that  mea¬ 
sured  at  the  valley  station.  This  spatial  variation  in  surface  temperatures  along  with  elevation 
changes  and  advection  could  cause  the  temperature  profile  to  deviate  from  the  empirical  form 
developed  using  flat  terrain  data. 

In  addition  to  the  mean  temperature  and  velocity  profiles,  the  vertical  variance  in  velocity 
should  also  follow  surface-layer  scaling.  The  ratio  Ow/u,  is  plotted  versus  -z/L  in  Figure  4.5.  This 

generally  good  agreement  supports  the  validity  of  the  scaling  analysis  described  above.  A  fit  given 
by  Panofsky  et  al.  (1977) 


1.25 
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Figure  4.5  Vertical  standard  deviation  of  velocity  measured  on  the  10-m 
meteorological  tower.  The  data  in  this  plot  are  scaled  by  parameters 
found  from  the  bulk  Richardson  number.  A  roughness  height  of  .1  m 
is  used. 
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also  shows  reasonable  agreement  with  the  data. 


Upper-Laver  Scaling 


Upper-layer  scaling  is  needed  to  find  the  inversion  height  Zi  and  the  convection  velocity  w*. 
These  are  related  by  the  expression 


(4.15) 


so  that  only  one  independent  parameter  is  needed. 

We  can  estimate  the  inversion  height  Zj  by  finding  tl. ,  level  at  which  the  morning  vertical 
potential  temperature  profile  intersects  the  surface  potential  temperature  at  Camp  Atterbury  during 
the  dispersion  test 

To  implement  this  procedure,  rawinsonde  measurements  at  Peoria,  Illinois  and  Dayton,  Ohio 
taken  daily  at  00:(X)  GMT  (18:00  CST)  and  12:00  GMT  (06:00  CST)  were  obtained  from  the 
National  Climatic  Data  Center,  Ashville,  North  Carolina  (NCDC).  The  12:00  GMT  sounding  cor¬ 
responds  to  a  morning  sounding  over  the  central  United  States.  These  soundings  include  tempera¬ 
ture,  pressure,  and  the  height  above  sea  level  from  which  we  can  calculate  the  vertical  potential 
temperature  profile  in  the  atmosphere.  We  also  have  NCDC  surface  station  measurements  at 
Dayton,  Evansville,  Indianapolis,  Louisville,  and  Peoria  which  are  used  in  the  calculations.  The 
potential  temperature  is  found  using 


0  =  T 


(4.16) 


with  Poo  =  1000  mb  and  ^Cp  =  (Y-1)/Y  =  1/3.5.  This  would  be  the  temperature  achieved  in 
bringing  a  parcel  of  air  to  Poo  in  an  isentropic  process.  Height  is  found  through  a  hydrostatic 
approximation. 

Because  the  test  site  and  the  location  of  both  daily  soundings  are  separated  by  120  km,  cor¬ 
rections  to  the  vertical  profile  are  necessary.  These  corrections  are  intended  to  compensate  for  dif¬ 
ferent  morning  surface  temperatures  between  the  sounding  and  test  site  locations.  For  each 
sounding,  we  adjusted  the  surface  potential  temperature  to  the  minimum  value  recorded  at 
Indianapolis  for  the  same  morning.  The  potential  temperature  and  height  at  the  700  mb  pressure 
level  are  held  fixed  and  data  values  between  the  surface  and  this  point  are  linearly  interpolated  to 
new  values  using 
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(4.18) 


for  potential  temperatures.  A  subscript  of  2  indicated  a  corrected  value  whereas  a  subscript  of  1 
corresponds  to  an  the  original  value. 

The  700-mb  pressure  value  is  used  for  an  interpolation  end  point  in  the  soundings  because 
both  the  height  and  the  potential  temperature  at  this  level  are  well  correlated  at  Dayton  and 
Indianapolis.  Over  our  two-week  testing  period  the  correlation  coefficient  for  the  700-mb  height  is 
0.81  and  for  the  potential  temperature  the  correlation  coefficient  is  0.79.  Average  values  at  this 
pressure  were  3085  m  and  300.4  K. 

The  minimum  temperature  recorded  at  Indianapolis  from  NCDC  data  is  used  in  this  calcula¬ 
tion  because  this  value  was  not  recorded  at  Camp  Atterbury.  Indianapolis  is  the  NCDC  station 
closest  to  the  Camp  Atterbury  site.  The  minimum  morning  potential  temperature  occurred  between 
6:00  to  8:00  on  every  day  during  the  test  period  except  for  November  9,  for  which  the  temperature 
was  seen  to  continuously  decline  throughout  the  day. 

In  calculating  the  surface  potential  temperature  at  Camp  Atterbury  during  the  test  period  we 
use  the  average  air  temperature  measured  at  the  source.  For  the  atmospheric  pressure  we  use  a 
value  derived  from  NCDC  surface  station  measurements  at  Dayton,  Evansville,  Indianapolis, 
Louisville,  and  Peoria  at  the  test  time.  These  pressiues  are  adjusted  from  the  surface  station  alti¬ 
tude  to  sea  level  and  averaged.  This  value  is  then  corrected  for  the  altitude  at  Camp  Atterbury  and 
the  result  used  in  the  calculation  of  surface  potential  temperature. 

In  determining  the  inversion  height,  a  least  squares  fit  was  made  to  the  corrected  data  from 
both  Peoria  and  Dayton  for  the  potential  temperature  profile.  This  was  then  solved  for  the  surface 
potential  temperatiire  at  the  test  time.  Results  from  this  calculation  are  shown  in  Table  4.2.  Also 
shown  is  the  slope  of  the  data  fit  in  the  region  of  the  inversion  height.  This  indicates  the  sensitivity 
of  the  inversion  height  to  changes  in  surface  temperature. 

No  value  of  the  inversion  height  is  found  for  November  9,  1987  using  this  method  because 
of  synoptic  cooling  throughout  the  morning  and  afternoon.  For  this  test  we  instead  used  the 
inversion  height  measured  directly  in  the  00:00  GMT  soundings  at  Peoria  and  Dayton. 

A  method  similar  to  the  one  we  have  used  for  calculating  the  inversion  height  is  discussed  by 
Benkley  and  Schulman  (1979).  Their  method  includes  corrections  due  to  advection  of  the  air  mass 
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Table  4.2  Inversion  heights  for  the  Camp  Atterbury  tests. 


Test: 

Zi 

dz/dOIzi 

1103871 

668 

122 

1104871 

305 

90 

1104872 

1135 

232 

1106871 

557 

105 

1109871 

649 

- 

1110871 

448 

63 

1110872 

434 

62 

1112871 

816 

86 

1113871 

500 

67 

between  the  sounding  and  the  time  of  the  inversion  height  which  were  not  necessary  for  our  data. 
Differences  in  morning  surface  temperature  at  the  sounding  location  and  the  test  site  are  corrected 
by  assuming  a  linear  temperature  gradient  between  the  morning  surface  potential  temperature  and 
the  nocturnal  mixing  height. 

We  may  estimate  the  accuracy  in  our  scaling  paranaeters  using  the  standard  deviation  of  the  u, 
V,  and  w  wind  components  measured  at  the  test  site.  The  horizontal  fluctuations  should  be  a  func¬ 
tion  of  both  mixed-layer  and  surface-layer  parameters.  For  highly  convective  conditions,  values  of 
Ou  and  Ov  approach  a  limiting  value  of  Ou  =  Oy  ~  0.58w*.  In  the  neutral  limit  over  flat  terrain,  we 

have  Ou  =  1.9u,  and  Oy  =  2.4u*  from  Panofsky  and  Dutton  (1984).  Both  Ou  and  Oy  are  relatively 

independent  of  height.  In  neutrally  to  moderately  unstable  conditions  and  using  flat  terrain  data, 
Hpjstrup  (1982)  gives 
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+  2.7 
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(1+2.8  z/z. 


(4.19) 


(4.20) 


from  integration  of  a  spectral  model.  In  convective-layer  scaling  with  the  above  equations,  the 
value  of  u.  may  by  replaced  by  w^  =  u,  {-zJLk  since  z\  and  L  may  be  treated  as  independent 

parameters.  In  doing  so,  both  sides  of  each  equation  are  multiplied  by  {-zJLk  )'^.  Plots  of  the 
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horizontal  standard  deviations  in  wind  velocity  are  shown  in  Figure  4.6  and  4.7,  with  values  from 
the  above  equations  shown  for  the  largest  and  smallest  values  of  Zi/L  found  in  our  data  set 

Vertical  standard  deviations  in  wind  direction  are  shown  in  Figure  4.8.  Numerical  integra¬ 
tion  of  a  spectral  model  given  by  Hpjstrup  (1982)  for  our  largest  and  smallest  values  of  zJL  are 
also  plotted.  A  model  for  the  free-convection  limit  from  Kaimal  et  al.  (1976)  is  also  shown. 
Overall  agreement  between  the  model  and  the  data  is  reasonable. 

Spectra  of  the  Velocity  Data 

In  spectral  analysis  of  the  meteorological  data,  components  are  nondimensionalized  using  the 
variances  for  each  sensor  and  a  (z/w^)  convective  time  scale  for  each  test.  Results  are  shown  in 

Figure  4.9.  Examination  of  the  spectra  reveals  a  -5/3  power  law  behavior  for  Suu(n)  versus  n  for 
the  u-component  in  all  tests,  but  the  other  components  do  not  show  this  behavior.  Ratios  of 
Svv(n)/Suu(n)  and  Sww(n)/Suu(n)  also  do  not  reach  an  asymptotic  ratio  of  4/3  which  is  expected  at 
higher  frequencies.  Data  from  Kaimal  et  al.  (1972)  suggests  that  our  sampling  frequency  and 
height  are  both  too  low  for  observing  this  inertial  subrange  behavior  in  the  v  and  w  crosswind 
components. 

Using  the  spectra  we  may  estimate  integral  scales  of  the  turbulence  using 
^  _  2  Jt  Sii  (n-»0) 

hy - -2 -  (4.21) 

for  each  of  u,  v,  and  w.  These  values  are  compared  with  model  values  given  by  Hpjstrup  (1982) 
for  our  limiting  test  conditions  in  Figure  4.10.  For  the  horizontal  components  the  data  fall  within 
the  range  provided  by  the  model.  Integral  scales  in  the  vertical  direction  are  biased  by  a  factor  of  2 
toward  longer  times  relative  to  those  obtained  using  the  model  of  Hpjstrup. 

We  may  quantify  the  underestimates  in  the  standard  deviations  in  velocity  due  to  our  finite 
test  duration  and  high  frequency  resolution  using  the  spectra.  At  the  low  frequency  end  we 
extrapolate  the  Sii(n)  versus  n  spectra  using  a  zero  slope.  Integration  shows  that  standard  devia¬ 
tions  in  the  u,  v,  and  w  directions  are  underestimated  by  less  than  3%  by  neglecting  spectral  con¬ 
tributions  with  a  period  longer  than  10  minutes.  This  error  bound  includes  only  spectra  within  the 
microscale  range. 

At  the  high  frequency  limit,  we  may  extrapolate  the  spectra  with  a  -5/3  slope.  In  the  mean 
flow  direction  the  average  underestimate  in  the  standard  deviation  of  u  is  3%;  the  corresponding 
maximum  error  is  1%.  For  the  crosswind  direction  the  average  underestimate  is  15%  with  a  corre¬ 
sponding  maximum  of  50%.  In  the  vertical,  this  method  produces  an  average  underestimate  of 
40%  with  a  corresponding  maximum  of  90%.  In  all  cases  the  error  is  greatest  for  the  most  nearly 
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Figure  4.6  Standard  deviations  in  u-component  velocity  for  the  Camp  Atterbury 
meteorological  data.  These  values  are  scaled  by  parameters  found 
through  the  NCDC  upper  air  data  from  Peoria  and  Dayton,  Camp 
Atterbury  surface  temperature  measurements,  and  bulk  Richardson 
number  scaling.  The  free  convection  limit  is  shown,  along  with 
profiles  given  by  Hpjstrup  (1982)  for  the  most  unstable  and  most 
nearly  neutral  tests  in  the  data  set. 
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Figure  4.7  Standard  deviations  in  v-component  velocity  for  the  Camp  Atterbury 
meteorological  data.  These  values  are  scaled  by  parameters  found 
through  the  NCDC  upper  air  data  from  Peoria  and  Dayton,  Camp 
Atterbury  surface  temperature  measurements,  and  bulk  Richardson 
number  scaling.  The  frw  convection  limit  is  shown,  along  with  profiles 
given  by  Hpjstrup  (1982)  for  the  most  unstable  and  most  nearly  neutral 
tests  in  the  data  set. 
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Figure  4.8  Standard  deviations  in  w-component  velocity  for  the  Camp  Atterbury 
meteorological  data.  These  values  are  scaled  by  parameters  found 
through  the  NCDC  upper  air  data  from  Peoria  and  Dayton,  Camp 
Atterbury  surface  temperature  measurements,  and  bulk  Richardson 
number  scaling.  The  free  convection  limit  given  by  Kaimal  et  al. 
(1976)  is  shown,  along  with  profiles  given  by  Hpjstrup  (1982)  for  the 
most  unstable  and  most  nearly  neutral  tests  in  the  data  set. 
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Figure  4.9  (continued)  Spectra  of  the  wind  data  from  Camp  Atterbury  for  Test 
1 104871.  The  spectra  were  normalized  by  the  the  calculated  variance 
for  each  data  record  and  the  convective  time  scale  for  this  test. 
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Figure  4.9  (continued)  Spectra  of  the  wind  data  from  Camp  Atterbury  for  Test 
1 106871.  The  spectra  were  normalized  by  the  the  calculated  variance 
for  each  data  record  and  the  convective  time  scale  for  this  test. 
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Figure  4.9  (continued)  Spectra  of  the  wind  data  from  Camp  Atterbury  for  Test 
1 1 10872.  The  spectra  were  normalized  by  the  the  calculated  variance 
for  each  data  record  and  the  convective  time  scale  for  this  test. 
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Figure  4.9  (continued)  Spectra  of  the  wind  data  from  Camp  Atterbury  for  Test 
1 112871.  The  spectra  were  normalized  by  the  the  calculated  variance 
for  each  data  record  and  the  convective  time  scale  for  this  test. 
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Figure  4.10  Integral  scales  for  the  u- velocity  component  from  the  Camp  Atterbury 
meteorological  data.  The  model  values  are  from  Hpjstrup  (1982),  and  are 
plotted  using  scaling  parameters  for  the  most  nearly  neutral  and  most 
unstable  tests  in  our  data  set  along  with  an  intermediate  value. 
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Figure  4.10  (continued)  Integral  scales  for  the  v- velocity  component  from  the  Camp 
Atterbury  meteorological  data.  The  model  values  are  from  Hpjstrup  (1982), 
and  are  plotted  using  scaling  parameters  for  the  most  nearly  neutral  and  most 
unstable  tests  in  our  data  set  along  with  an  intermediate  value. 
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Figure  4.10  (continued)  Integral  scales  for  the  w- velocity  component  from  the  Camp 
Atterbury  Meteorological  data.  The  model  values  are  from  Hpjstrup  (1982), 
and  are  plotted  using  scaling  parameters  for  the  most  nearly  neutral  and  most 
unstable  tests  in  our  data  set  ^ong  with  an  intermediate  value. 
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neutral  tests.  Faster  response  instruments  or  a  taller  meteorological  tower  is  needed  to  more 
completely  resolve  the  high  firequency  spectra  in  the  vertical  and  horizontal  directions. 

Errors  in  the  Scaling  Parameters 

In  comparing  values  of  Ou/u*,  Ov/u*,  Ou/w*,  and  Oy/w*  with  model  predictions  from 
Hpjstrup  (1982)  we  find  that  the  error  in  w,  and  u*  is  ±25%  for  a  one  standard  deviation  confi¬ 
dence  interval.  This  means  our  estimates  of  scaling  velocities  will  be  within  25%  of  the  true  value 
68%  of  the  time.  For  several  inversion  height  prediction  methods  similar  to  the  one  which  we  have 

used,  Garrett  (1981)  has  found  errors  between  measured  and  predicted  values  of  25%.  Based  on 
the  sensitivity  of  L  to  changes  in  u„  the  error  in  the  Monin-Obhukhov  length  is  ±75%. 

4.2  The  Meadowbrook  Site 

The  dispersion  studies  we  conducted  at  the  Meadowbrook  Site  were  part  of  a  larger  meteoro¬ 
logical  measurement  study  conducted  by  the  US  Army  Atmospheric  Sciences  Laboratory  (ASL)  in 
complex  terrain  in  the  foothills  of  the  Sierra  Nevada  mountains.  This  detailed  study  was  centered 
in  a  forked  canyon  valley  formed  from  the  joining  of  Payne  Creek  and  Plum  Creek  about  20  miles 
east  of  Red  Bluff,  California.  In  addition  to  our  own  fog-oil  dispersion  measurements  at  the  site, 
dispersion  tests  were  conducted  using  gaseous  tracer  by  the  Air  Resources  Laboratory  of  the 
National  Oceanic  and  Atmospheric  Administration  (NOAA). 

Researchers  from  Ris0  National  Laboratory  in  Denmark  (RIS0)  aerially  photographed  the 
smoke  plumes,  light  permitting,  over  the  period  of  each  test  at  approximately  one-minute  intervals. 
Additional  photo-documentation  was  provided  by  the  US  Forest  Service  who  video  taped  the 
smoke  releases  from  elevated  locations  during  the  daytime  tests. 

The  meteorology  in  this  area  is  dominated  by  the  density  driven  diurnal  upslope-downslope 
flow  characteristic  of  a  mountain-valley  system.  The  site  has  about  a  350-m  drop  in  elevation  from 
east  to  west  over  a  distance  of  10  km.  Regionally  there  is  an  approximate  average  east  to  west 
drop  in  elevation  of  2000  m  in  100  km,  from  the  Sierra  Nevada  mountain  range  in  the  east  to  the 
valley  of  the  Sacramento  River  to  the  west. 

4.2.1  Meadowbrook  Meteorology 

In  a  mountain-valley  weather  system,  the  surface  mesoscale  wind  flow  is  dominated  by  a 
breeze  of  cooler,  denser  air  which  flows  down  the  mountain  slopes  into  the  valleys  at  night  and  a 
flow  of  warmer,  lighter  air  in  the  daytime  which  flows  back  up  the  slopes.  Upper-level 
geostrophic  flow  also  influences  the  surface-level  winds.  The  Boise-Cascade  mountain  range  to 
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the  east  of  the  Sacramento  River  blocks  most  of  the  moist  air  from  the  Pacific  Ocean  causing  the 
local  area  to  be  extremely  dry.  This  absence  of  moisture  reinforces  wide  diurnal  temperature 
swings  and  the  strong  gravity  driven  surface  flow. 

The  meteorology  of  the  Meadowbrook  Site  is  well  established,  both  through  the  nature  of  the 
terrain  and  through  three  previous  large-scale  wind  field  studies  carried  out  by  ASL.  Ten  surface 
stations  at  this  site  were  operated  by  the  Physical  Sciences  Laboratory  at  New  Mexico  State 
University  under  contract  to  ASL.  These  were  designated  by  AlOl  through  A1 10  as  shown  in  the 
map  of  Figure  4.11.  The  surface  stations  operated  continuously  over  the  two- week  testing  period, 
and  data  were  recorded  as  1-min  average  measurements.  Four  additional  surface  stations, 
designated  AI 1 1  through  A1 14  were  operated  by  NOAA  during  the  dispersion  test  periods.  Data 
at  these  surface  stations  were  recorded  at  a  1-Hz  sampling  rate.  Measurements  at  all  of  the  surface 
stations  included  the  wind  speed,  direction  and  standard  deviation  at  a  10-m  height  with  a  sampling 
rate  of  once  per  minute  using  a  wind  vane.  The  temperature  at  heights  of  10  m  and  2  m  was  also 
measured  on  the  ASL  surface  stations  with  the  exception  of  A 103  and  A 104,  which  only  recorded 
the  10-m  temperature.  A  micrometeorological  tower  with  instrumentation  at  heights  of  2,  4,  8,  16 
and  30  m  was  located  near  the  center  of  the  test  site  for  the  characterization  of  the  behavior  of  the 
boundary  layer  with  height.  The  instruments  on  this  tower  included  u,v,w  propeller  anemometers, 
cup  anemometers,  and  temperature  sensors. 

Two  sonic  anemometers  at  a  7-m  height  were  operated  by  RIS0.  One  of  these  was  operated 
over  the  duration  of  the  daytime  dispersion  tests,  while  the  other  was  continuously  operated  over 
the  entire  two  week  testing  period.  Data  from  these  instruments  were  sampled  at  a  20-Hz  rate. 
These  fast  response  data  are  used  in  determining  the  covariant  fluxes:  friction  velocity  u.  =  Xm/p  = 

Ux'uz'  and  heat  flux  Qo  =  H/Cpp  =  (0'Uz')u*.  With  Qo  and  u,,  a  direct  estimate  of  the  Monin  - 
Obhukhov  length  L  =  u^  T  /(/:  g  Qo)  can  be  made. 

A  topographical  map  of  the  test  site  with  the  specified  location  of  the  meteorological  towers 
and  our  source  and  sampler  locations  is  shown  in  Figure  4.11.  In  our  sampling  of  the  fog-oil 
smoke,  the  large  area  of  the  site  and  the  two  opposing  wind  directions  necessitated  our  dividing  the 
sampling  equipment  between  two  grids  and  two  source  locations,  one  for  stable,  downslope  night¬ 
time  tests,  and  another  for  the  unstable,  daytime  upslope  dispersion  tests.  These  grids  are  shown 
in  the  topographical  map.  Vegetation  types  and  heights  varied  over  the  test  site.  A  map  showing 
the  distribution  of  vegetation  is  given  in  Figure  4. 12,  and  a  map  of  the  vegetation  heights  is  shown 
in  Figure  4. 13.  These  maps  were  created  from  data  supplied  by  ASL. 

The  smoke  source  for  the  daytime  test  was  located  near  4462500N  (m),  585500E  (m)  in 
UTM  coordinates  as  shown  on  the  topographical  map.  The  predominant  wind  is  from  west  to 
east.  Samplers  were  operated  at  up  to  250  m  from  the  source  for  the  daytime  unstable  tests  in  three 
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UTM  East  [km] 


585  586  587  588  589  590 


Legend 

A  Met  tower  locations  ^  RIS0  sonic  anemometers 

D  Fog-oil  smoke  source  •  Fog-oil  smoke  sampler 

Figure  4. 1 1  Topographical  map  of  the  Meadowbrook  dispersion  site.  Elevations  are  in 
ft  above  sea  level  with  contour  lines  at  increments  of  40  ft.  The  horizontal 
scale  is  in  Universal  Transverse  Mercator  coordinates,  with  the  grid  marked 
in  km.  The  topographical  information  is  from  a  USGS  map  of  Inskip  Hill, 
California. 
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Figure  4.12  Vegetation  types  for  the  Meadowbrook  test  site.  The  information  is 
from  an  ASL  survey  of  the  vegetation  at  the  site  averaged  over  100-m 
square  increments. 
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Figure  4.13  Vegetation  heights  for  the  Meadowbrook  test  site.  The  information  is 
from  an  ASL  survey  of  the  average  vegetation  over  the  test  site  in  100-m 
square  increments. 
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transects.  The  high  dilution  rate  of  the  smoke  prevented  its  measurement  at  greater  distances.  A 
straightforward  analysis  of  the  daytime  data  is  possible  because  of  the  limited  dispersion  distance, 
the  highly  convective  conditions,  and  the  locally  homogeneous  terrain. 

For  the  nighttime  tests  in  stable  atmospheric  conditions,  the  smoke  source  was  located  near 
4461750N,  589500E  in  the  Plum  Creek  valley.  The  nighttime  wind  followed  the  downward 
gradient  of  this  valley.  Five  rows  of  samplers  were  used  out  to  a  distance  of  2  km  at  geometrically 
increasing  distances  from  the  source.  In  a  fraction  of  the  tests,  a  row  of  samplers  used  in  the 
daytime  dispersion  grid  were  operated.  Results  from  these  samplers  showed  detection  of  the 
smoke  at  a  distance  of  3  km  from  the  source.  A  stable  source  for  the  upwind  Payne  Creek  valley 
was  not  used  because  of  the  presence  of  a  trout  hatchery  in  this  area. 

For  the  10  surface  stations  which  were  operated  over  the  entire  duration  of  the  testing  period, 
we  have  records  of  wind  direction  and  velocity  as  shown  in  Figure  4.14  and  4.15.  A  rapid  wind 
direction  change  at  dawn  and  again  at  dusk  is  seen  for  the  plots  of  Figure  4.14.  Nighttime  wind 
directions  measured  at  each  surface  station  are  very  similar  throughout  both  the  long-term  test 
period  and  during  each  individual  night  for  those  surface  stations  located  within  a  valley.  Slightly 
more  variation  in  direction  is  seen  in  the  daytime  periods.  In  Figure  4.15  the  magnitude  of  wind 
velocity,  for  the  majority  of  cases,  shows  two  peaks  in  a  diurnal  cycle,  one  corresponding  to  the 
daytime  winds  and  another  to  the  nighttime  winds.  Like  the  wind  direction,  this  is  more  consistent 
for  the  surface  stations  located  within  the  bounds  of  the  creek  valleys.  A  record  of  the  temperature 
is  shown  in  Figure  4.16.  This  shows  both  a  wide  diurnal  variation  in  temperature  and  a  longer 
term  mesoscale  trend.  The  magnitude  of  temperature  change  is  greater  for  those  sensors  in  the 
valleys  near  the  creeks,  which  become  cooler  at  night  than  the  sensors  located  on  the  ridges.  This 
spatial  temperature  gradient  and  the  associated  density  stratification  drives  the  mountain-valley 
winds  seen  at  the  test  site. 

4.2.2  Meadowbrook  Tests  under  Unstable  Meteorological  Conditions 
Surface  Laver  Scaling 

It  is  most  convenient  to  divide  the  discussion  of  tests  at  Meadowbrook  into  daytime  unstable 
cases  and  nighttime  stable  cases.  For  investigating  the  behavior  of  the  average  wind  field  in  the 
daytime,  vector  maps  of  the  wind  measured  at  a  10-m  height  on  the  meteorological  towers  are 
shown  in  Figure  4.17.  Maps  of  the  spatial  variation  of  the  bulk  Richardson  number  Ris  at  these 
meteorological  towers  follow  these  wind  maps  in  Figure  4.18.  This  bulk  Richardson  number  is 
defined  as  Rifi  =  gzAT/CTu^)  where  T  and  u  are  taken  at  the  lO-m  height  and  AT  =  Tion,  -  T2m. 

In  these  maps,  we  see  that  the  wind  speed,  direction,  and  horizontal  standard  deviation  is 
fairly  consistent  over  the  entire  test  area  in  most  cases,  except  for  the  test  of  0928871  which  was 
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Figure  4.14  (continued)  Long  term  records  of  wind  direction  for  the 
Meadowbrook  meteorological  towers.  The  day  axis  is  marked  at 
midnight. 
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Figure  4. 15  Long  term  wind  velocity  records  for  the  Meadowbrook 
meteorological  towers.  The  day  axis  is  marked  a*:  midnight. 
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Figure  4.17  Wind  vector  map  for  Test  0921871.  These  data  are  from  the  10-m 
surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half 
width  of  the  indicated  arc. 
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Figure  4.17 
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(continued)  Wind  vector  map  for  Test  0923871.  These  data  are  from  the 
10-m  surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half  width  of 
the  indicated  arc. 
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Figure  4.17 
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(continued)  Wind  vector  map  for  Test  0926871.  These  data  are  from  the 
10-m  surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half  width  of 
the  indicated  arc. 
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Figure  4.17  (continued)  Wind  vector  map  for  Test  0928871.  These  data  are  from  the 
10-m  surface  stations  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half  width  of 
the  indicated  arc. 
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Figure  4.17  (continued)  Wind  vector  map  for  Test  1002872.  These  data  are  from  the 
10-m  surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half  width  of 
the  indicated  arc. 
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Figure  4.18  Distribution  of  the  bulk  Richardson  number  over  the  testing  site  for  Test 
0921871.  These  data  are  available  for  the  10-m  surface  stations  which 
recorded  temperature  at  both  the  2-m  and  8-m  heights.  A  value  of  -999 
indicates  a  surface  station  was  not  operational  during  this  test. 
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Figure  4.18  (continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  0923871.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperature  at  both  the  2-m  and  8-m  heights.  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
test 
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Figure  4. 1 8 


Test  0926871 


Bulk  Richardson 
numbers 

September  26, 1987 
12:00  to  13:07 


585  586  587  588  589  590 

UTM  East  [km] 


(continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  0926871.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperature  at  both  the  2-m  and  8-m  heights.  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
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Figure  4. 1 8  (continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  0928871.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperature  at  both  the  2-m  and  8-m  heights  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
test. 
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Figure  4.18 
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(continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  1002872.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperature  at  both  the  2-m  and  8-m  heights.  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
test 
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earlier  in  the  day  than  the  other  unstable  tests.  All  the  values  of  Ris  are  negative  numbers  in  a 
range  which  indicates  moderate  to  very  unstable  atmospheric  conditions. 

Turbulent  stress  measurements  made  with  the  RIS0  sonic  anemometers  can  be  used  to 

directly  calculate  surface  layer  scaling  parameters  from  the  Ux'uz'  and  0'uz'  correlations.  Derived 
values  of  u,  and  L  are  given  in  Table  4.3.  The  location  of  the  sonic  anemometers  is  shown  in  the 
map  of  Figure  4. 1 1 . 


Table  4.3  Meteorological  surface-layer  scaling  parameters  for  the  unstable  Meadow- 
brook  dispersion  tests.  TTiese  values  are  from  the  RIS0  sonic  anemome¬ 
ters. 


Location: 

4462474N,  585523E 

44624 17N,  586756E  | 

Test 

1/L 

u* 

1/L 

u* 

0921871 

-0.013 

0.76 

-0.016 

0.67 

0923871 

-0.059 

0.76 

-0.015 

0.58 

0926871 

-0.011 

0.80 

-0.006 

0.74 

0928871 

-0.456 

0.20 

-0.352 

0.15 

1002872 

-0.080 

0.43 

-0.355 

0.30 

UflDer-.Lej^L_Scaliii£  Parameters 

Soundings  of  the  atmosphere  were  taken  with  a  theodolite  by  ASL  prior  to  each  dispersion 
test.  This  instrument  consists  of  a  small  package  v.’hick  measures  pressure,  temperature,  and 
humidity  as  it  is  carried  aloft  by  a  balloon.  The  data  is  telemetered  to  the  ground  along  with  the 
balloon  position  and  velocity.  We  use  this  data  to  determine  the  inversion  height  for  our  tests.  A 
mini-sodar  (an  acoustic  sounder  with  a  range  to  3{X)  m)  was  used  by  researchers  from  Argonne 
National  Laboratory  to  measure  the  velocity  and  temperature  distribution  through  the  lower  bound¬ 
ary  layer  during  each  test.  Unfortunately  data  from  this  instrument  has  not  yet  been  made  available 
for  our  use. 

For  the  test  of  September  21,  1987,  no  theodolite  sounding  was  taken.  On  September  23, 
the  sounding  was  taken  just  prior  to  the  test.  The  other  sounding  for  the  conv  'dive  tests  were 
taken  in  the  morning  period  before  the  unstable  boundary  layer  dwV.iloped.  With  the  collected 
information  we  can  calculate  the  vertical  potential  temperature  profile  and  the  height  through  a 
hydrostatic  approximation.  Plots  of  height  versus  potential  temperature  for  the  theodolite  data 
records  are  shown  in  Figure  4.19. 
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Figure  4.19  Potential  temperature  profile  for  Test  09238''!.  The  inversion  height 
is  taken  at  410  m  from  this  plot.  The  sounding  was  taken  just  prior  to 
the  dispersion  test. 
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Figure  4.19  (continued)  Potential  temperature  profile  for  Test  0926871.  The  sounding 
for  this  test  was  taken  early  in  the  morning.  The  intersection  of  the  surface 
level  potential  temperature  at  the  test  time  with  this  sounding  profile  taken 
earlier  in  the  morning  yields  an  inversion  height  of  910  m. 
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Figure  4.19  (continued)  Potential  temperature  profile  for  Test  0928871.  The 
sounding  for  this  test  was  taken  early  in  the  morning.  The  intersection  of 
the  surface  level  potential  temperature  at  the  test  time  with  this  sounding 
profile  taken  earlier  in  the  morning  yields  an  inversion  height  of  300  m. 
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Figure  4.19  (continued)  Potential  temperature  profile  for  Test  1002872.  The 
sounding  for  this  test  was  taken  early  in  the  morning.  The  intersection  of 
the  surface  level  potential  temperature  at  the  test  time  with  this  sounding 
profile  taken  earlier  in  the  morning  yields  an  inversion  height  of  520  m. 
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For  Test  0921871  we  can  directly  estimate  the  inversion  height  at  the  position  where  d0/dz  = 
0  to  get  Zi  =  410  meters.  Because  the  sounding  was  taken  less  than  an  hour  before  the  test  in  the 
early  afternoon,  it  is  used  directly  in  our  scaling.  For  the  other  tests,  soundings  were  taken  in  the 
morning.  We  estimate  the  inversion  height  at  our  test  time  through  the  intersection  of  the  morning 
potential  temperature  profile  with  the  ground  level  potential  temperature  at  the  time  of  the  test.  This 
method  yields  the  information  as  shown  in  Table  4.4. 


Table  4.4  Inversion  heights  estimated  for  the  unstable  Meadowbrook  dispersion 
tests. 


Test 

Test  time 

8s  (°K) 

zi(m) 

0921871 

14:30-  15:00 

- 

- 

0923871 

14:05  - 14:50 

304 

410 

0926871 

12:00-13:06 

301 

910 

0928871 

10:29  - 10:53 

302 

300 

1002871 

12:16-12:36 

520 

We  may  use  the  friction  velocity,  inversion  height,  and  Monin  -  Obhukhov  length  to  find  a 
convective  velocity  scale  using  (w,/u,)^  =  (-zj/L^  ).  This  is  shown  in  Table  4.5  using  the  sonic 

anemometer  data  near  the  fog-oil  source  location.  These  values  are  appropriate  for  scaling  the  data 
near  the  disjjersion  grid. 

We  may  use  scaling  values  derived  from  the  other  sonic  anemometer  for  analyzing  data  from 
the  30-m  meteorological  tower.  A  plot  of  the  normalized  horizontal  standard  deviation  in  wind 
direction  for  the  30-m  meteorological  tower  is  given  in  Figures  4.20  and  4.21,  along  with  a  line  for 
cJv  ~  Ou  =  0.58w*,  which  indicates  the  free  convection  limit.  These  data  are  reasonably  consistent 

with  this  limit.  The  vertical  standard  deviation  on  the  30-m  meteorological  tower  is  shown  in 
Figure  4.22.  These  data  also  follow  the  free  convection  limit. 

4.2.3  Meadowbrook  Tests  under  Stable  Meteorological  Conditions 

For  the  nighttime  stable  tests,  maps  of  the  average  wind  field  from  the  surface  stations  are 
presented  in  Figure  4.23.  Associated  maps  of  the  spatial  variation  of  the  bulk  Richardson  number 
Rifl  at  these  surface  stations  are  shown  in  in  Figure  4.24. 

On  these  maps,  the  standard  deviation  in  wind  direction  is  much  smaller  than  in  the  daytime 
tests,  while  the  direction  and  amplitude  is  evidently  strongly  affected  by  the  local  terrain.  For  the 
stable  tests  which  are  several  hours  after  dusk  (0925871),  or  very  early  in  the  morning  (0927871), 
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Fi^  'je  4.20  Standard  deviations  in  u-comp>onent  velocity  for  the  Meadowbrook 
30-m  meteorological  tower  data.  These  values  are  scaled  by 
parameters  found  from  the  sonic  anemometer  and  the  morning 
upper  air  data.  The  free  convection  limit  is  shown. 
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Figure  4.21  Standard  deviations  in  v-component  velocity  for  the  Meadowbrook 
30-m  meteorological  tower  data.  These  values  are  scaled  by 
parameters  found  from  the  sonic  anemometer  and  the  morning  upper 
air  data.  The  free  convection  limit  is  shown. 
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Figure  4.22  Standard  deviations  in  w-component  velocity  for  the  Meadowbrook 
30-m  meteorological  tower  data.  These  values  are  scaled  by 
parameters  found  from  the  sonic  anemometer  and  the  morning  upper 
air  data.  The  free  convection  limit  given  by  Kaimal  et  al.  (1976)  is 
shown. 
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Figure  4.23  Wind  vector  map  for  Test  0925871.  These  data  are  from  the  10-m  surface 
stations.  The  amplitude  of  the  vector  is  scaled  by  its  length  and  the 
standard  deviation  in  wind  direction  is  given  by  the  half  width  of  the 
indicated  arc. 
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Figure  4.23  (continued)  Wind  vector  map  for  Test  0927871.  These  data  are  from  the 
10-m  surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half  width  of 
the  indicated  arc. 
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Figure  4.23  (continued)  Wind  vector  map  for  Test  0927872.  These  data  are  from  the 
10-m  surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half  width  of 
the  indicated  arc. 
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Figure  4.23  (conanued)  Wind  vector  map  for  Test  0930871.  These  data  are  from  the 
10-m  surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half  width  of 
the  indicated  arc. 
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(continued)  Wind  vector  map  for  Test  1001871.  These  data  are  from  the 
10-m  surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half  width  of 
the  indicated  arc. 
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(continued)  Wind  vector  map  for  Test  1002871.  These  data  are  from  the 
10-m  surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  given  by  the  half  width  of 
the  indicated  arc. 
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Figure  4.23  (continued)  Wind  vector  map  for  Test  1003871.  These  data  are  from  the 
10-m  surface  stations.  The  amplitude  of  the  vector  is  scaled  by  its  length 
and  the  standard  deviation  in  wind  direction  is  giver  by  the  half  width  of 
the  indicated  arc. 
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Figi’"-,  -.24  Distribution  of  the  bulk  Richardson  number  over  the  testing  site  for  Test 
0925871.  These  data  are  available  for  the  10-m  surface  stations  which 
recorded  temperature  at  both  the  2-m  and  8-m  heights.  A  value  of  -999 
indicates  a  surface  station  was  not  operational  during  this  test. 
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(continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  0927871.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperatiuv  at  both  the  2-m  and  8-m  heights.  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
test 
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Figiue  4.24  (continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  0927872.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperature  at  both  the  2-m  and  8-m  heights.  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
test 
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(continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  0930871.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperature  at  both  the  2-m  and  8-m  heights.  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
test 
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Figure  4.24  (continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  1001871.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperature  at  both  the  2-m  and  8-m  heights.  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
test. 
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(continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  1002871.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperature  at  both  the  2-m  and  8-m  heights.  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
test 
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(continued)  Distribution  of  the  bulk  Richardson  number  over  the  testing 
site  for  Test  1003871.  These  data  are  available  for  the  10-m  surface 
stations  which  recorded  temperature  at  both  the  2-m  and  8-m  heights.  A 
value  of  -999  indicates  a  surface  station  was  not  operational  during  this 
test 
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Table  4.5  Meteorological  scaling  parameters  for  the  unstable  Meadowbrook  disper¬ 
sion  tests.  A  rough  estimate  of  the  inversion  height  for  Test  0921871  is 
given  in  the  table. 


Test 

L 

u* 

Zi(m) 

w* 

0921871 

-76.9 

0.76 

550  (est.) 

1.98 

0923871 

-17.0 

0.76 

410 

2.98 

0926871 

-90.9 

0.80 

910 

2.34 

0928871 

-2.19 

0.20 

300 

1.39 

1002872 

-12.5 

0.41 

520 

2.02 

the  distribution  of  Ria  values  shows  small  positive  values  on  the  sloped  ground  while  large  posi¬ 
tive  values  are  found  in  the  fla»  central  region  of  the  dispersion  site  at  stations  A102  and  AlOl. 
Along  with  the  wind  vector  maps,  this  result  for  Rie  indicates  a  pooling  of  stagnant  air  in  the  mid¬ 
dle  of  the  valley  with  a  strong  stable  thermal  stratification.  Morning  or  dawn  tests,  which  show 
smaller  Rie  values  in  the  sloped  areas  of  the  site,  do  not  have  this  stagnant  region. 

Since  the  wind  field  for  these  stable  tests  is  dominated  by  the  inhomogeneous  terrain,  a 
simple  boundary  layer  parameterization  is  not  possible.  Modeling  dispersion  in  these  conditions  is 
beyond  the  scope  of  this  report.  It  may  be  of  value  to  consider  a  potential  flow  solution  for 
analysis,  since  it  is  likely  that  the  terrain  will  dominate  the  dispersion  to  a  greater  degree  than  the 
turbulence. 
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5.  SAMPLING,  ANALYSIS,  AND  CHARACTERIZATION  OF 
SMOKE 

This  chapter  begins  with  information  on  the  mean  dosage  sampling  equipment  in  Section  5.1. 
This  is  followed  by  a  discussion  of  the  aerosol  particle  size  distributions  for  both  fog-oil  smoke 
and  HC  smoke  in  Section  5.2.  Descriptions  of  the  fog-oil  smoke  source  and  chemical  analysis 
method  are  given  in  Section  5.3,  followed  by  similar  information  for  the  HC  smoke  in  Section  5.4. 
Section  5.5  concludes  with  a  discussion  of  our  design  and  development  of  the  real-time  smoke 
sampling  system. 

5.1  Mean  Dosage  Sampling  Equipment 

The  need  to  determine  the  concentration  fields  in  our  dispersion  experiments  required  an 
extensive  analysis  of  the  characteristics  of  the  smokes  we  were  to  use  and  research  into  methods  of 
sampling  available  to  us.  As  a  practical  matter  we  were  limited  to  surface-level  measurements 
which  only  extended  into  the  lowest  fraction  of  the  boundary  layer.  Sampling  locations  were 
arrayed  in  transects  which  were  normal  to  the  prevailing  wind  direction  and  were  at  geometrically 
increasing  distances  from  the  source.  From  these  sampling  transects  we  acquired  surface-level 
informatior.  on  the  crosswind  plume  dimensions  and  the  decrease  in  concentration  with  increasing 
distance  from  the  source. 

The  system  for  collecting  dosage  samples  of  aerosol  consisted  of  aspirated  filter  samplers 
located  along  several  transects.  The  separation  berween  samplers  was  small  enough  to  capture 
sufficient  detail  in  the  lateral  profile  of  concentration,  with  positive  measurements  on  5  or  6 
sampling  masts  on  each  transect.  Mean  concentrations  are  calculated  from  the  time-averaged  mass 
of  material  collected  on  a  filter  divided  by  the  total  flow  through  each  filter  over  the  test  duration. 

Each  sampler  consists  of  a  hollow  vertical  8-m  mast  with  nipples  at  1-m  increments  along  the 
mast.  Filter  cassettes  arc  mounted  on,  and  aspirated  through,  some  of  the  mast  nipples,  while  the 
other  nipples  are  plugged.  At  Camp  Atterbury,  concentration  measurements  were  taken  at  heights 
of  1 ,  2,  4,  and  8  m.  At  Meadowbrook  the  samples  were  taken  at  heights  of  2  m  and  8  m.  The 
aspiration  for  each  mast  is  provided  by  a  5(X)-W  vacuum  pump,  several  of  which  are  located  along 
each  sampling  transect.  The  power  for  the  pumps  is  provided  by  a  4.5-kW  generator.  The  total 
flow  through  each  hollow  mast  was  monitored  through  a  rotameter  flow  meter.  Since  flow  losses 
in  the  masts  are  very  small  compared  to  those  in  the  filters,  flow  through  each  fiUer  on  the  mast  is 
the  total  flow  through  the  mast  divided  by  the  number  of  filters  on  the  mast 

The  particular  filter  used  depended  on  the  type  of  smoke  type  released.  Binder’ ^ss  glass- 
fiber  filters  arc  used  for  the  fog-oil  smoke  and  0.45- pm  pore  size  cellulose  ester  men  jrane  filters 
are  used  for  sampling  the  HC-smoke  aerosol.  Both  of  these  filter  types  are  manufactured  by 
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Nucleopore  (Pleasanton,  California)  and  are  mounted  in  37-mm  diameter  cassette  filter  holders. 
The  type  of  filter  is  dictated  by  the  analysis  method  for  each  type  of  smoke  and  is  covered  in  more 
detail  in  the  respective  discussions  of  fog-oil  and  HC  smoke  in  Sections  5.3  and  5.4. 

At  Camp  Atterbury  we  used  50  sampling  masts  in  5  transects.  The  4  nearest  transects 
extended  along  at  least  a  90°  arc  from  the  source,  with  the  remaining  transect  covered  a  20°  arc 
from  the  source.  For  the  Meadowbrook  tests,  we  used  20  masts  for  the  unstable  dispersion  tests 
in  3  transects  and  up  to  38  masts  in  6  transects  for  the  stable  tests.  These  tra..sects  covered  the 
width  of  the  valley  floor  for  both  the  stable  and  unstable  dispersion  tests. 

5.2  Aerosol  Measurements  and  Collection 

To  estimate  deposition  and  impaction  losses  we  measured  the  aerosol  size  distribution  during 
each  test  at  Camp  Atterbury  for  both  the  fog-oil  smoke  and  the  HC  smoke.  For  dilute  aerosols  it  is 
sufficient  to  treat  the  motion  of  each  particle  independently.  Motion  is  usually  within  the  Stoke's 
flow  regime  with  Rcp  =  v'jdpPf/p.  <  3  and  Cp  =  24/Rep  for  a  spherical  particle  of  diameter  dp  and 
fluid  density  Pf.  A  detailed  treatment  of  aerosol  mechanics  is  given  by  Hinds  (1982). 

5.2.1  Aerosol  Particle  Size  Measurement  Instrumentation 


Aerosol  size  measurements  for  fog-oil  smoke  and  HC  smoke  were  included  in  the  Camp 
Atterbury  dispersion  tests.  These  measurements  were  made  using  a  Califorria  Measurements 
model  PC-2  Aerosol  Particle  Analyzer  (Juartz  Crystal  Microbalance  Cascade  Impactor  System. 
This  mstrument  uses  a  sequential  series  of  ten  inertial  impactors.  A  single  impactor  stage  is  shown 
in  Figure  5.1.  Particles  are  separated  in  this  instrument  by  accelerating  a  stream  of  air  through  a 
nozzle  to  impinge  on  a  collection  plate.  Particles  of  sufficient  inertia  cannot  follow  the  streamlines 
and  are  collected  on  the  substrate.  Successive  stages  have  smaller  nozzle  sizes  and  higher  flow 
velocities  to  collect  progressively  smaller  particles  on  succeeding  stages.  In  this  instrument,  each 
collection  plate  is  an  oscillating  quartz  crystal.  Changes  in  the  resonant  frequency,  determine  the 
mass  collected  on  each  stage. 

The  operation  of  an  impactor  and  the  particle  collection  efficiency  depend  on  several 
parameters  Among  these  are  the  nozzle-collection  plate  geometry,  the  nozzle  Re^  nold's  number 
Rej  =  UWpf/p,  and  the  Stoke’s  number 


St  =  gu  =  ^ 

W/2  9pW 


(5.1) 
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Figure  5. 1  Schematic  of  a  impaction  stage  for  an  aerosol  particle  separator.  The 
dimensions  are  us^  in  the  text. 
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where  U  is  the  average  velcx:ity  through  the  nozzle  throat,  W  is  the  nozzle  diameter,  and  is  the 
kinematic  fluid  viscosity.  The  value  of  St  is  the  ratio  of  the  particle  stopping  distance  to  half  the 
nozzle  throat  diameter.  The  particle  stopping  distance  is  given  by  pU  with  P  from  Eq.  3.10. 

Impaciors  may  be  designed  so  that  collection  efficiency  is  a  function  of  Stokes  number  only. 
Constraints  on  the  geometry  are  discussed  by  Mercer  (1963),  McFarland  and  Zeller  (1963)  and 
Cohen  and  Montan  (1967).  Values  and  the  range  in  Stores  number  for  a  50%  collection  efficiency 
are  given  by  Marple  and  Liu  (1974). 

A  typical  impactor  efficiency  curve  is  shown  in  Figure  5.2.  Deviation  from  a  step  function 
for  this  curve  will  occur  even  for  an  ideal  impactor  as  a  consequence  of  the  physical  size  of  the 
impactor  nozzle  and  the  multiple  streamlines  within  the  impactor  jet.  Collection  for  a  particular 
particle  will  depend  both  on  the  Stoke's  number  and  the  distance  from  the  nozzle  axis  at  which  a 
particular  particle  enters  the  nozzle.  Such  deviations  limit  the  resolution  possible  in  a  particle  size 
histogram  measured  with  a  cascade  impactor.  Particles  cut  sizes  for  an  impactor  are  usually  taken 
at  the  50%  collection  efficiency  level.  For  the  ten  stages  of  the  California  Measurements  PC-2  the 
cut  sizes  are  given  in  Table  5.1.  The  cut  sizes  are  adjusted  for  different  particle  densities  using  the 
assumption  that  the  Stokes  number  for  50%  collection  efficiency  will  remain  constant. 

Table  5. 1  Cut  sizes  for  the  California  Measurements  PC-2  cascade  impactor.  Values 
are  shown  for  both  the  fog-oil  smoke  with  the  particle  density  Pp  =  0.91 
g/m^  and  for  the  HC-aerosol  smoke  using  a  value  of  pp  =  2.0  g/m^. 


dp  [  50%  cut  ]  1 

Stage 

Pp  =  2.0  g/cm3 

Pp  =  0.91  g/cm^ 

1 

25.0  pm 

37.0  pm 

2 

12.5  pm 

18.5  pm 

3 

6.4  pm 

9.49  pm 

4 

3.2  pm 

4.74  pm 

5 

1.6  pm 

2.37  pm 

6 

0.80  pm 

1.19  pm 

7 

0.40  pm 

0.59  pm 

8 

0.20  pm 

0.30  pm 

9 

0.10  pm 

0.15  pm 

10 

0.05  pm 

0.07  pm 
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Vsr 


Actual  cutoff  curve 
Ideal  cutoff  curve 


Figure  5.2  Comparison  of  actual  and  ideal  cutoff  curves  for  the  cascade 
impactor.  Areas  A  and  B  denote  regions  of  discrepancy  between 
ideal  and  actual  values. 
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We  used  the  bulk  fog-oil  density  in  the  cut-size  calculations.  Since  the  oil  is  not  chemically 
transformed  in  the  smoke  generator,  this  is  a  reasonable  assumption.  The  HC  density  is  taken 
from  Katz  et  al.  (1980b).  Since  the  HC  smoke  is  a  combustion  product  that  is  composed  of  many 
chemical  constituents,  the  assumed  density  may  be  subject  to  some  error.  The  major  combustion 
product  of  the  HC  smoke  mixture  is  zinc  chloride,  which  is  a  hygroscopic  material.  Hygroscopic 
effects  on  the  HC  smoke  particle  size  distribution  and  particle  density  are  cuirently  unresolved. 

In  the  operation  of  an  impactor,  it  is  assumed  that  particle  trajectories  which  intersect  the 
collection  plate  are  removed  from  the  sampling  stream.  For  liquid  particles,  such  as  fog-oil,  this  is 
a  reasonable  assumption,  and  we  used  the  instrument  with  uncoated  collection  plates.  Dry  parti¬ 
cles,  on  the  other  hand,  may  bounce  off  the  plates  and  pass  through  to  lower  stages.  This  problem 
is  averted  for  the  HC  aerosol  by  coating  the  collection  plates  with  a  solution  of  Apezion-L  grease  in 
hexane  and  allowing  the  hexane  to  evaporate,  leaving  a  very  thin  layer  of  sticky  grease  to  collect 
the  dry  particles.  The  effect  of  various  collection  substrates  and  coatings  on  the  collection  effi¬ 
ciency  is  discussed  by  Rao  and  Whitby  (1978).  They  conclude  that  sticky  impermeable  collection 
surfaces  provide  the  best  agreement  with  theoretical  collection  efficiency  curves  for  dry  aerosol 
particles. 


5.2.2  Aerosol  Particle  Size  Distributions 


Most  single  source  particle  size  distributions  follow  a  lognormal  distribution  (the  logarithm  of 
the  particle  diameter  follows  a  normal  distribution).  A  particle  size  distribution  can  be  considered 
as  a  count  distribution,  or  a  mass  weighted  distribution,  as  measured  in  the  cascade  impactor. 
These  distributions  are  quite  different  for  a  polydisperse  aerosol.  If  the  count  distribution  is  given 
by  p(dp)ddp,  then  the  mass  distribution  is  given  by 


oo 

j  dj  P(dp )  ddp 
0 


(5.2) 


For  the  purpose  of  our  measurements,  we  may  characterize  the  aerosol  size  by  a  mean  and  a 
variance.  The  most  appropriate  mean  for  the  expected  log-normal  distribution  is  the  geometric 
mean  dg  defined  by 


Indg 


n.  In  d. 


N 


(5.3) 


Other  mean  values  include  the  mode  5  (most  frequently  occurring  diameter),  the  count  mean  diame¬ 
ter  d,  the  count  median  dso  (equal  to  dg  for  a  lognormal  distribution),  the  diameter  of  average  mass 
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djH  (that  diameter,  when  multiplied  by  the  total  number  of  particles,  gives  the  total  mass),  the  mass 
median  diameter  dmSO  (50%  point  of  the  mass  weighted  distribution),  or  the  mass  mean  diameter 
given  by  3nim-  The  variance  is  characterized  by  the  geometric  standard  deviation 


lnOg  = 


^„.(lnd.-lndg) 
N-  1 


^1/2 


(5.4) 


which  is  the  standard  deviation  of  the  logarithm  of  the  particle  diameters.  The  saving  grace  of  the 
lognormal  distribution  is  that  all  weighted  distributions  will  also  be  lognormal  and  all  will  have  the 
same  geometric  standard  deviation.  For  the  lognormal  distribution,  given  Og  and  one  mean  quan¬ 
tity,  all  other  positional  values  may  be  found  using  conversion  equations  derived  by  Hatch  and 
Choate  in  1929  as  discussed  in  Hinds  (1982). 

As  shown  in  Figures  5.3  and  5.4  our  measured  data  follow  the  profile  of  the  lognormal 
distribution  for  both  for  fog-oil  smoke  and  HC  smoke.  Both  figures  are  shown  on  lognormal 
axes,  for  which  a  lognormal  distribution  yields  a  straight  line.  Representative  average  values  are 
presented  in  terms  of  the  mass  median  diameter  3^50  and  the  geometric  standard  deviation  Og  in 
Table  5.2.  The  standard  deviation  in  the  data  is  indicated  by  a  multiplicative  value  a(mult),  also 
given  in  this  table.  Other  average  values  are  found  using  the  analytical  conversions  given  by  Hinds 
(1982)  for  a  lognormal  distribution.  These  are  presented  in  Table  5.3  using  averages  of  the  data 
taken  in  our  tests.  It  is  evident  from  this  table  that  a  larger  value  of  Cg  produces  a  wider  separation 
in  the  weighted  particle  diameters.  Mean  values,  such  as  the  count  mode,  which  occur  at  the  limits 
of  the  measurement  range  for  our  instrument  as  given  in  Table  5.1,  are  likely  to  be  in  the  greatest 
error. 

Our  measured  values  of  the  particle  distribution  can  be  compared  with  previous  measure¬ 
ments.  For  a  study  of  fog-oil  smoke  in  1985  at  Dugway  Proving  Grounds  in  Utah,  we  measured  a 
3m50  of  0.7|im  with  Og  =  3.4  using  a  7  stage  cascade  impactor  (In-Tox  Products,  Albuquerque, 
New  Mexico).  This  median  particle  diameter  is  similar  to  that  found  in  the  Atterbury  1987  study, 
but  there  is  a  much  broader  distribution  of  particle  sizes  (larger  Og).  Katz  et  al.  (1980a)  measured 
the  fog-oil  aerosol  size  distribution  in  the  laboratory  using  a  California  Instruments  PC-2  Impactor, 
and  found  dmso  =  0.9  pm  and  Og  =  1.5,  which  is  reasonably  consistent  with  our  most  recent  field 
measiuements. 

For  the  HC  smoke,  Katz  et  al.  (1980b)  found  a  d^so  of  1  pm  with  Og  =  2.5  using  an 
Anderson  cascade  impactor  in  a  field  test  using  smoke  from  a  single  30  lb.  M5-HC  smoke  pot. 
This  is  reasonably  consistent  with  our  field  measurements.  In  laboratory  measurements  discussed 
in  the  same  report,  Katz  found  mass  median  diameters  in  the  range  of  0.3  pm  to  0.4  pm  when  12  g 
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Cumulative  percent 


Test 

o  1103871 
D  1104872 
o  1106871 


Figure  5.3  Particle  size  distributions  for  fog-oil  smoke  measured  in  the  Camp 
Atterbury  field  tests.  The  normalized  mean  and  standard  deviation  of 
the  mass  percent  collected  on  each  stage  is  shown  by  the  error  bars. 
The  solid  lines  indicate  the  best  fit  of  this  data  to  a  lognormal 
distribution. 
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Figure  5.4  Particle  size  distributions  for  HC  smoke  measured  in  the  Camp 
Atterbury  field  tests.  The  normalized  mean  and  standard  deviation 
of  the  mass  percent  collected  on  each  stage  is  shown  by  the  error 
bars.  The  solid  lines  indicate  the  best  fit  of  this  data  to  a 
lognormal  distribution. 
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of  reagent  was  burned  in  an  enclosed  chamber.  Differences  between  the  laboratory  and  field 
results  in  their  work  can  be  attributed  to  the  different  combustion  temperatures  for  the  widely 
different  masses  of  reagent  in  the  two  experiments. 


Table  5.2  Measured  particle  size  parameters  for  the  lognormal  distribution.  The 

value  of  dmSO  is  multiplied  by  a(mult)  to  find  +1  standard  deviation  and  is 
divided  by  a(mult)  to  find  -1  standard  deviation  from  the  mean  value. 


Test 

Smoke 

?m50 

a(mult) 

o(mult) 

1103871 

fog-oil 

0.86 

1.16 

1.55 

1.09 

1104872 

fog-oil 

0.56 

1.07 

1.71 

1.08 

1106871 

fog-oil 

0.90 

1.05 

1.53 

1.10 

average 

fog-oil 

0.71 

1.23 

1.50 

1.16 

1109871 

HC 

0.99 

1.31 

1.78 

1.25 

1110871 

HC 

0.73 

1.09 

2.36 

1.12 

1110872 

HC 

0.78 

1.10 

2.07 

1.13 

1112871 

HC 

1.05 

1.21 

2.41 

1.10 

1113871 

HC 

0.88 

1.13 

2.05 

1.08 

average 

HC 

0.71 

1.24 

2.10 

1.27 

Table  5.3  Calculated  particle  diameters  for  fog-oil  smoke  and  HC  smoke  using  the 
Hatch-Choate  equations  for  the  lognormal  distribution. 


Value 

Symbol 

Fog-oil  data 

HC  smoke  data 

Geometric  standard  deviation 

1.50 

2.10 

Count  mode 

a 

0.37  |im 

0.10  pm 

Count  median  diameter 

^50 

0.43  pm 

0.17  pm 

Count  mean  diameter 

d 

0.47  pm 

0.22  pm 

Diameter  of  average  mass 

din 

0.55  pm 

0.39  pm 

Mass  median  diameter 

3m50 

0.71  pm 

0.88  pm 

Mass  mean  diameter 

1 

^mm 

1 

0.77  pm 

1.16  pm 

5.3  Fog-oil  Smoke 


Two  types  of  smoke  were  used  in  our  dispersion  tests.  The  greatest  number  of  tests  were 
carried  out  using  fog-oil  smoke.  This  smoke  is  produced  using  a  US  Army  M3A4  Smoke 
Generator  which  vaporizes  the  c-1  in  an  engine  exhaust  manifold.  The  exhaust  cools  and 
condenses  to  form  an  aerosol  with  a  mean  particle  size  of  roughly  1  pm.  The  chemical  nature  of 
the  smoke  droplets  is  similar  to  the  bulk  oil.  Details  of  the  source  configuration,  the  dosage 
sampling  and  analysis  methods,  and  an  error  analysis  of  these  measurements  are  included  in  this 
section. 

5.3.1  Source  Characteristics  and  Measurements 

For  purposes  of  assessing  the  dispersion  of  pollutants  or  tracer  material  into  the  atmosphere, 
several  specifications  of  the  source  are  necessary.  These  include  the  location  of  the  source,  the  exit 
temperature  and  velocity  of  the  material  leaving  the  source,  the  release  rate  of  material,  and  a  char¬ 
acteristic  size  of  the  exit  plume.  Most  of  these  parameters  can  be  used  to  assess  the  deviation  from 
an  ideal  point  source  in  terms  of  the  momentum,  buoyancy  and  initial  size  of  the  source. 

The  smoke  generator  we  have  used  in  the  fog-oil  dispersion  experiments  at  Camp  Atterbury 
and  Meadowbrook  was  a  US  Army  M3A4  Smoke  Generator.  The  major  components  of  the 
generator  are  an  oil  pump  and  a  small  gasoline  powered  pulse-jet  engine.  Oil  is  injected  into  the  jet 
engine  exhaust  manifold,  beyond  the  combustion  area,  at  a  rate  of  95  to  227  liters  per  hour.  It 
vaporizes  in  the  hot  engine  and  rapidly  condenses  into  a  heavy,  white  fog  when  blown  from  the 
exhaust  ports  into  the  atmosphere.  Figure  5.5  shows  a  diagram  of  the  exit  region  of  this  smoke 
generator. 

The  hydrocarbon  oil  used  in  the  generators  is  similar  in  properties  to  lOW  motor  oil.  The 
distillation  temperature  of  the  fog-oil  ranges  from  200°C  at  10%  distillation  to  320°C  at  90%  distil¬ 
lation  by  volume.  It  consists  of  several  thousand  individual  chemical  constituents.  Our  laboratory 
and  field  tests  indicate  that  the  properties  and  chemical  composition  of  the  smoke  are  the  same  as 
the  bulk  oil,  although  the  low  resolution  of  our  chemical  separation  technique  may  obscure  subtle 
changes.  The  release  rate  of  oil  was  typically  between  25  to  50  g/s  for  the  M3A4  with  most  of  the 
variance  due  to  the  variable  performance  of  the  oil  pump  and  the  widely  changing  viscosity  of  the 
oil  with  ambient  temperature. 

The  smoke  leaves  the  generator  through  three,  1.9-cm  diameter  ports  which  point  upward  at 
an  angle  of  45°  with  respect  to  the  ground.  The  center  port  points  straight  ahead  and  the  side  ports 
are  angled  away  from  the  centerline  at  an  angle  of  20°.  The  exit  velocity  varies  between  65  and  80 
m/s  as  measured  with  a  pitot-static  probe  and  corrected  for  density  variations.  The  three  individual 
jets  merge  to  form  a  single  jet  within  a  distance  of  roughly  1  m.  The  exhaust  just  leaving  the  ports 
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Figure  5.5  Diagram  of  the  US  Army  M3A4  fog-oil  smoke  generator. 
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is  clear  in  color,  but  within  5  cm  from  each  exhaust  port  the  oil  vapor  condenses  into  a  dense  white 
cloud.  The  larger  single  plume  beyond  the  joining  of  the  three  single  jet  plumes  is  about  a  meter 
across  and  is  nearly  cooled  to  the  ambient  temperature.  Smoke  from  the  generator,  outside  of  a 
half  meter  from  the  exhaust  is  dry  to  the  touch  and  includes  very  few  large  oil  droplets.  Within 
several  meters  of  the  jet  exhaust  exits,  the  momentum  and  buoyancy  is  dissipated  by  the  dilution 
and  mixing  in  the  atmosphere.  In  the  field  these  generators,  along  with  the  associated  measuring 
and  recording  instrumentation,  were  operated  from  the  bed  of  a  pickup  truck  . 

Instrumentation  of  the  fog-oU  smoke  source  included  continuous  exit  temperature  and  release 
rate  measurements.  Type  K  (chromel/alumel)  thennocouples  were  used  to  measure  the  temperature 
at  each  of  the  three  exhaust  ports.  All  three  ports  exhibited  the  same  trends  in  temperature  but 
actual  values  were  sensitive  to  the  position  of  the  thermocouple  relative  to  the  jet.  The  oil  release 
rate  was  calculated  by  digitally  logging  the  weight  of  the  55-galIon  oil  supply  drum.  In  software 
we  finite  difference  this  signal  and  low  pass  filter  with  a  60-s  time  constant  to  get  a  continuous 
release  rate.  These  measurements  were  made  at  1-s  increments  over  the  duration  of  the  test  and 
logged  using  a  Campbell  Scientific  2 IX  micrologger.  The  micrologger  was  connected  to  a  Zenith 
Z-181  portable  computer  which  recorded  the  digital  data  to  floppy  disk.  In  addition,  the  wind 
velocity,  wind  direction,  and  ambient  temperature  were  recorded  at  a  2-m  height  for  all  fog-oil 
tests.  Records  of  the  fog-oil  release  rate  and  generator  exit  temperature  are  given  in  Figure  5.6  and 
Table  5.4.  These  are  presented  in  groups  for  the  Atterbury  Tests,  the  unstable  Meadowbrook 
Tests,  and  the  stable  Meadowbrook  Tests.  Overall,  the  release  rate  is  fairly  steady  for  many  of 
these  tests,  except  for  some  isolated  periods  during  which  problems  in  the  mechanical  operation  of 
the  generator  occurred.  Plots  of  release  rate  are  not  given  for  Tests  1103871,  0921871  and 
1002871,  because  the  recording  equipment  failed  in  these  experiments. 

5.3.2  Analysis  Methods  for  the  Mean  Dosage  Samples  of  Fog-oil  Smoke 

The  fog-oil  smoke  consists  mainly  of  liquid  aerosol  droplets  less  than  1  pm  in  diameter. 
Only  a  small  fraction  of  the  relatively  nonvolatile  oil  exists  as  a  vapor.  A  method  for  quantifying 
the  total  dosage  of  the  fog-oil  smoke  at  sampling  points  within  the  plume  is  presented  in  this 
section.  This  method  is  an  improvement  on  an  earlier  method  (DeVaull,  1985). 

Background  of  Oil  Aerosol  Analysis  Methods 

The  concentration  of  oil  aerosol  in  air  has  routinely  been  determined  using  fluorescent  emis¬ 
sion  from  the  oil  as  described  in  papers  by  Ray  (1970),  Houghton  and  Lee  (1960),  and  in  NIOSH 
(National  Institute  for  Occupational  Safety  and  Health)  Method  P&ACM  159  (1977).  A  variation 
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Test  1104872 
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Figure  5.6  Release  rate  and  exit  temperature  histories  for  the  fog-oil  smoke 
generator  at  Camp  Atterbury  for  (a)  Test  1104871  and  (b)  Test 
1104872. 
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Test  1106871 
Fog-oil  smoke 
November  6, 1987 
Start  10:52 
End:  12:08 
Duration:  72  minutes 
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(continued)  Release  rate  and  exit  temperature  histories  for  the 
fog-oil  smoke  generator  at  Camp  Atterbury  for  Test  1106871. 
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Test  0926871 
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Figure  5.6  (continued)  Release  rate  and  exit  temperature  histories  for  the 
fog-oil  smoke  generator  at  Meadowbrook  during  the  daytime 
unstable  dispersion  tests  for  (a)  Test  0923871  and  (b)  Test 
0926871. 
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Fog-oil  smoke 
September  27, 1987 
Start  03:19 
End:  03:39 
Duration;  20  minutes 

-  Release  rate 

Exit  temperature 

.  1 

- 2 

- 3 


Time  relative  to  start  (min) 


Figure  5.6  (continued)  Release  rate  and  exit  temperature  histories  for  the 
fog-oil  smoke  generator  at  Meadowbrook  during  the  nighttime 
stable  dispersion  tests  for  (a)  Test  0925871  and  (b)  Test 
0927871. 
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Figure  5.6  (continued)  Release  rate  and  exit  temperature  histories  for  the 
fog-oil  smoke  generator  at  Meadowbrook  during  the  nighttime 
stable  dispersion  tests  for  (a)  Test  0927872  and  (b)  Test 
0930871. 
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Test  1002872 
Fog-oil  smoke 
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Figure  5.6  (continued)  Release  rate  and  exit  temperature  histories  for  the 
fog-oil  smoke  generator  at  Meadowbrook  during  the  daytime 
unstable  dispersion  tests  for  (a)  Test  0928871  and  (b)  Test 
1002872. 
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Figure  5.6  (continued)  Release  rate  and  exit  temperature  histories  for  the 
fog-oil  smoke  generator  at  Meadowbrook  during  the  nighttime 
stable  dispersion  tests  for  (a)  Test  1001871  and  (b)  Test  1003871. 
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Table  5.4  Mass  release  rates  for  the  fog-oil  smoke  generator.  The  rate  given  for 
Test  0921871  is  an  estimate  b^ause  the  mass  of  oil  was  not  recorded. 


Test 

Duration  (min) 

Mass  released  (kg) 

Release  rate  (g/s)  | 

1  Atterbuiy  j 

1103871 

55.0 

115.9 

34.6 

1104871 

29.0 

44.0 

26.7 

1104872 

48.0 

117.8 

40.7 

1106871 

76.0 

193.0 

42.2 

1  Meadowbrook  -  Unstable  | 

0921871 

30.0 

- 

26.3  (est.) 

0923871 

40.0 

63.0 

26.3 

0926871 

67.0 

181.2 

45.1 

0928871 

25.0 

49.1 

32.7 

1002872 

17.0 

35.0 

34.3 

1  Meadowbrook  -  Stable  | 

0925871 

45.0 

109.0 

40.4 

0927871 

20.0 

53.4 

44.5 

0927872 

10.0 

20.8 

34.7 

0930871 

40.0 

97.0 

40.4 

1001871 

40.0 

71.8 

29.9 

1002871 

30.0 

73.4 

40.8 

1003871 

31.0 

52.4 

28.2 

of  this  method  was  used  by  Barad  and  Shorr  (1958)  in  a  series  of  fog-oil  smoke  dispersion  exper¬ 
iments.  In  a  typical  application,  an  air  sample  is  collected  on  an  aspirated  cellulose  membrane 
filter,  extracted  in  chloroform,  and  the  fluorescence  of  the  chloroform  solution  is  measured  in  a 
spectrophotometer.  Oil  samples  in  the  range  0.005  to  0.5  mg  can  be  measured  with  this  method. 
A  bulk  sample  of  the  oil  is  needed  for  calibration  purposes  to  determine  the  fluorescence  spectra  of 
the  oil.  Chemical  changes  in  the  oil,  which  may  occur  during  the  generation  process,  cannot  be 
determined  with  this  method,  and  interferences  are  possible  from  other  fluorescent  material  in  the 
atmosphere. 

A  more  chemically  selective  method  for  collecting  organic  vapor  samples  uses  tubes  filled 
with  activated  charcoal.  After  exposure,  the  orgaiuc  material  is  extracted  from  the  charcoal  with 
carbon  disulfide  and  analyzed  by  gas  chromatography.  This  method  was  used  by  Fraust  and 
Hermann  (1966),  Reid  and  Halpin  (1968),  and  White  et  al.  (1970)  for  sampling  organic  vapors 
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and  is  described  in  NIOSH  method  P&CAM  127  (1977).  It  has  a  sensitivity  of  0.01  mg  to  0.1  mg 
of  sample  for  many  types  of  organic  compounds.  Jenkins  et  al.  (1982,  1983)  have  successfully 
used  a  variation  of  the  carbon-disulfide  extraction  procedure  for  analyzing  diesel-fuel  smoke 
collected  on  both  filters  for  the  aerosol  and  using  adsorbent  tubes  for  the  vapor  collection.  This 
method  employs  a  capillary  column  sufficient  for  separating  the  oil  sample  into  its  chemical 
constituents.  This  analysis  method  will  aid  in  determining  the  chemical  composition  of  the  oil,  but 
is  unsuitable  for  analyzing  a  large  number  of  samplers  because  of  the  analysis  time  required. 

An  alternative  method  for  analysis  of  fog-oil  samples  is  described  in  this  section.  The  intent 
of  this  method  is  to  maintain  the  accuracy  and  sensitivity  of  the  previously  mentioned  procedures 
while  reducing  the  analysis  time.  In  this  method,  fog-oil  is  thermally  vaporized  from  a  collected 
sample,  swept  onto  an  analysis  column,  and  analyzed  by  gas  chromatography.  This  allows  the 
gross  chemical  composition  of  the  sample  to  be  determined.  Both  glass-fiber  filters  for  collecting 
the  aerosol,  and  absorbent  filled  mbes  for  collection  of  vapor  may  be  used  with  this  method.  A 
sensitivity  of  0.01  mg  total  mass  of  fog-oil  has  been  achieved,  and  samples  up  to  20  mg  can  be 
analyzed  easily.  Larger  samples  are  measured  by  analyzing  a  fraction  of  the  filter. 

The  hardware  needed  for  this  system  is  very  similar  to  that  used  in  the  thermal  desorption  of 
gases  and  vapors  from  adsorbent  mbes  for  analysis  by  gas  chromatography,  except  that  the  rela¬ 
tively  non-volatile  fog-oil  requires  much  higher  operating  temperatures.  Several  representative 
methods  for  thermal  desorption  of  vapors  with  gas  chromatography  are  described  by  Russell  and 
Shadoff  (1977),  Russell  (1975),  Gelbicova-Ruzickova  et  al.  (1972),  Novak  et  al.  (1965),  and 
Cropper  and  Kaminsky  (1963),  all  of  which  use  an  apparams  separate  from  the  gas  chromatograph 
for  heating  the  collected  sample.  In  systems  used  by  Zlatkis  et  al.  (1973)  and  Bertsch  et  al. 
(1974),  the  injector  heater  within  the  gas  chromatograph  was  employed  for  desorbing  the  samples. 
The  method  described  in  this  paper  also  employs  the  injector  heater  of  the  gas  chromatograph. 
This  helps  avoid  problems  of  condensing  vapor  within  the  chromatographic  system,  since  the 
vapor  proceeds  from  the  injector  directly  into  the  chromatograph  oven.  Any  cool  spots  in  the 
sample  path,  which  can  easily  occur  for  systems  which  employ  a  heated  transfer  line,  could  allow 
the  relatively  nonvolatile  fog-oil  to  condense  and  foul  the  system. 

Analysis  System 

The  gas  chromatograph  used  is  a  Perkin-Elmer  Sigma  300.  A  Perkin-Elmer  LCI-lOO 
Laboratory  Computing  Integrator  and  a  Peridn-Elmer  7500  computer  is  used  for  data  acquisition  as 
well  as  for  automated  valve  switching.  A  schematic  of  the  valve  and  regulator  arrangement  of  the 
system  is  shown  in  Figure  5.7. 


205 


Pressure 


Flow 


(a) 


Pressure  Flow 


Figure  5.7  Gas  chromatograph  schematic.  The  proper  valving  and  carrier  gas 
path  is  shown  (a)  between  analyses  and  (b)  during  an  analysis. 
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Nitrogen  carrier  gas  passes  through  a  two-stage  regulator,  several  purification  traps,  then 
through  a  laminar  element  flow  controller.  From  the  flow  controller,  the  carrier  gas  is  routed  to 
Valve  1  which  switches  the  flow  either  through  the  injector  or  directly  onto  the  column. 
Modification  of  the  injector  on  the  gas  chromatograph  to  accommodate  filter  or  adsorption  tube 
samples  was  accomplished  by  removing  the  glass  liner  and  spring  from  the  injector  body.  A 
stainless  steel  sample  tube  0.63  cm  in  diameter  and  8.9  cm  long  could  then  fit  within  the  injector 
body.  The  standard  carrier  gas  inlet  to  the  injector  was  capped.  A  1/4-in  Swagelock  fitting, 
through  which  carrier  gas  is  supplied,  replaces  the  septum  and  septum  cap  on  the  injector. 

Valve  3,  located  within  the  chromatograph  oven,  is  a  Valeo  Instruments  three  port  rotary 
valve  for  high  temperature  use.  This  valve  is  pneumatically  actuated  by  two  solenoid-controlled 
valves  located  outside  the  chromatograph  oven.  Valves  are  in  the  position  shown  in  Figure  5.7(a) 
at  the  start  of  an  analysis.  The  injector  port  may  be  opened  for  insertion  or  removal  of  a  sample 
without  interruption  of  carrier  gas  flow.  After  passing  through  Valve  3,  the  carrier  gas  flow  runs 
through  a  1:1  splitter  and  onto  a  stainless  steel  column  4  ft.  in  length  and  1/8  inch  in  diameter 
which  is  packed  with  3%  Dexsil  300  on  100/120  mesh  Chromasorb  W-HP.  The  elutant  from  the 
column  is  analyzed  in  a  flame  ionization  detector. 

Samplfi  Analysis 

For  analysis  of  a  sample,  the  injector  pon  is  opened,  a  sample  is  inserted  into  the  injector, 
and  the  Swagelock  fitting  is  replaced  and  tightened.  Valve  2  is  manually  opened  for  a  short  inter¬ 
val  to  pressurize  the  injector  port  to  the  same  level  as  the  column  head  pressure  and  then  closed. 
The  analysis  is  then  immediately  started.  The  oven  temperature  program  is  given  in  Table  5.5. 

At  the  start,  valve  3  is  switched  and  pressure  in  the  injector  body  and  column  head  equalizes. 
Valve  1  is  then  switched  to  direct  carrier  gas  through  the  sample  tube,  and  sample  is  carried  onto 
the  column.  During  an  analysis  the  valves  remain  in  this  position,  as  shown  in  Figure  5.7(b). 
Valves  1  and  3  are  switched  back  to  their  original  position  (Figure  5.7(a))  after  all  sample  compo¬ 
nents  have  eluted  from  the  column.  A  flow  splitter  is  used  in  order  to  maintain  a  high  flow  rate 
through  the  injector,  and  an  optimum  flow  rate  through  the  column. 

Fog-oil  Sampling  Methods 

Two  basic  sampling  methods  are  used  in  the  collection  of  fog-oil  smoke.  Glass  fiber  filters 
are  used  to  collect  the  droplet  fraction  of  smoke,  and  stainless  steel  tubes,  filled  with  Tenax-GC 
adsorbent  and  mounted  in  series  behind  a  filter,  are  used  to  collect  the  vapor  fraction  of  the  fog-oil. 
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Table  5.5  Key  parameters  of  gas  chromatography  method  used  to  analyze  fog-oil 
smoke  vapor  samples 


Chromatograph;  .  Perkin  -Elmer  Sigma  300  with 

LCI- 100  Integrator  and  Model 
7500  Computer 

Detector:  .  Flame  Ionization 

Column:  .  4  ft.,  .25  in  OD,  3%  Dexsil  300 

GC  on  Chromasorb  WHP 


Temperatures: 


Modified  Injector  . 

.  300°C 

Detector  . 

.  350  °C 

Column 

Initial  . 

.  150  °C  * 

Ramp  . 

.  25  “Omin. 

Final  . 

.  330  ®C  for  5  min. 

Carrier  gas:  . 

.  Ultra-pure  Nitrogen 

Flow  rates: 

Column  . 

Inlet  . 

Split  ratio  . 

.  1 :  1 

Desorption  time: 

Start . 

End  . 

.  15  min 

Analysis  time:  . 

.  12  min. 

Cycle  time;  . 

.  16  min. 

*  The  initial  oven  temperature  is  decreased  to  100  °C  for  analysis  of  the  more  volatile  fog-oil 
vapor  samples. 

The  body  of  the  absorbent-filled  stainless  steel  tubes  we  are  using  are  0.63  cm  outside 
diameter,  0.46-cm  inside  diameter,  and  8.9  cm  long.  A  circumferential  groove  is  pressed  into  the 
tube  1.5  cm  frcm  one  end,  leaving  a  ridge  on  the  inside  of  the  tube.  A  0.47  cm  diameter  100  mesh 
stainless  steel  screen  is  seated  on  this  groove  and  the  tube  is  filled  with  0.20  g  of  60/80  mesh 
Tenax  GC  adsorbent.  A  second  screen  is  pressed  into  the  tube  to  a  depth  of  0.7  cm.  This  give  a 
6.7  cm  long  bed  of  absorbent  in  each  tube.  These  adsorbent  samplers  are  inserted  into  the  chro¬ 
matograph  injector  for  analysis  by  thermal  desorption. 

The  adsorbent  samplers  must  be  conditioned  before  use  by  heating  and  purging  the  tenax 
with  carrier  gas.  This  is  done  in  the  gas  chromatograph  injector  by  allowing  carrier  gas  to  flow 
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through  a  tenax-filled  tube  until  all  the  extraneous  volatiles  are  desorbed  from  the  adsorbent. 
About  thirty  minutes  of  conditioning  is  usually  adequate  for  each  tube. 

For  sampling  the  aerosol,  37-mm  diameter  cassettes  packed  with  glass-fiber  filters  are  used. 
The  filters  are  removed  from  the  cassettes  after  exposure,  folded,  and  inserted  into  the  injector  for 
analysis.  Glass  fiber  filters  (binderless)  are  the  only  filter  types  which  will  not  decompose  in  the 
high  heat  of  the  thermal  desorption.  The  greatest  fraction  of  samplers  in  our  dispersion  tests  were 
filter  samples. 

If  the  glass-fiber  filters  are  not  analyzed  within  several  days  after  exjjosure  to  the  oil  smoke, 
significant  losses  of  oil  from  the  filter  can  occur.  Although  evaporation  occurs,  the  majority  of  the 
oil  loss  may  be  attributed  to  wicking  of  the  oil  from  the  filter  onto  parts  of  the  cassette  housing. 
For  our  samples,  an  empirical  factor  is  used  to  correct  for  such  losses.  Alternatively,  transferring 
the  folded  glass-fiber  filters  into  empty  stainless  steel  tubes  of  the  same  dimensions  as  the  tenax 
sampling  tubes  and  storing  the  stainless  steel  tubes  within  glass  screw  top  test  tubes  was  found  to 
reduce  these  losses  to  a  negligible  fraction  of  the  total  mass.  Our  analysis  presented  later  in  this 
section  demonstrates  that  filters  stored  in  this  manner  have  shown  no  significant  changes  in  the 
mass  of  oil  on  the  sample  after  a  year  of  of  storage.  However,  we  were  not  able  to  employ  this 
conservative  storage  method  because  of  the  labor  required  to  pack  the  stainless  steel  tubes  and  the 
large  number  of  samplers  coUeaed  in  each  of  the  dispersion  tests. 

Data  Analysis 

Chromatograms  produced  using  this  method  give  a  qualitative  nnolecular  weight  distribution 
of  the  oil.  Similar  chromatograms  are  generated  with  ASTM  Method  2887  (1982)  for  petroleum 
fractions  and  ASTM  Method  3710  (1982)  for  gasoline  fractions.  The  basic  principles  are 
described  by  Adlard  in  Heftman  (1983).  A  fog-oil  chromatogram  produced  with  this  method  is 
shown  in  Figure  5.8. 

It  is  necessary  to  analyze  a  series  of  n-paraffins  under  the  same  operating  conditions  as  the 
fog-oil  samples  to  get  qualitative  results  of  the  fog-oil  composition.  Using  the  elution  times  for 
these  known  n-paraffins  as  shown  in  Figure  5.8  (the  elution  times  increase  for  increasing  molecu¬ 
lar  weight,  boiling  point,  etc.  for  n-paraffins),  the  time  axis  of  the  chromatogram  may  be  rescaled 
in  terms  of  carbon  numbers  in  the  n-paraffins,  or  the  boiling  point  of  the  n-paraffins.  From  this 
rescaling  of  the  time  axis,  molecular  weight  distribution  and  a  distillation  curve  for  the  fog-oil 
sample  may  be  determined,  if  desired.  This  is  shown  in  Table  5.6.  For  total  mass  measurement 
such  as  required  for  our  sample  analysis,  the  chromatograph  is  calibrated  with  known  quantities  of 
oil,  and  the  total  integrated  area  under  the  entire  chromatogram  is  scaled. 
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n-Paraffins  are  discrete  peaks,  and  the  fog  oil  is  a  continuous  band.  These  runs  were  made  at 
an  initial  temperature  of  150°  C  and  an  oven  ramp  rate  of  25°C/min. 


Table  5.6  Approximate  fog-oil  molecular  weight  distribution.  The  retention  times 
are  for  an  initial  oven  temperature  of  150°C  and  a  ramp  rate  of 
25°C/minute. 


Boiling  point 

Retention  time 

Equivalent  frac- 

Distillation 

cnemicai  name 

tion  of  paraffin 

fraction 

(°Q 

(min) 

oil 

n-  Tetradecane 

C14H30 

253.6 

0.2 

0.019 

0.019 

n-Pentadecane 

C15H32 

270.5 

1.0 

0.034 

0.053 

n-Hexadecane 

C16H34 

286.5 

1.8 

0.053 

0.106 

n-Heptadecane 

C17H36 

301.7 

2.6 

0.079 

0.186 

n-Octadecane 

C18H38 

316.0 

3.3 

0.091 

0.278 

n-Nonadecane 

C19H40 

329.8 

4.0 

0.129 

0.407 

n-Eicosane 

C20H42 

343.0 

4.6 

0.121 

0.529 

n-Heneicosane 

C21H44 

355.7 

5.3 

0.110 

0.639 

n-Docosane 

C22H46 

368.1 

5.9 

0.095 

0.734 

n-Tricosane 

C23H48 

380.2 

6.5 

0.076 

0.809 

n-Tetracosane 

C24H50 

392.3 

7.1 

0.062 

0.870 

n-Pentacosane 

C25H52 

404.3 

7.7 

0.049 

0.920 

n-Hexacosane 

C26H54 

416.4 

8.3 

0.038 

0.958 

n-Heptacosane 

C27H56 

428.6 

8.9 

0.023 

0.980 

n-Octacosane 

C28H58 

441.2 

9.6 

0.011 

0.992 

n-Nonacosane 

C29H60 

454.2 

10.2 

0.008 

1.000 

5.3.3  Fog-oil  Mean  Concentration  Error  Analysis 
Chromatograph  Sensitivity  and  Calibration 


Calibration  and  n-paraffin  runs  with  this  system  are  made  by  doping  a  clean,  empty  stainless 
steel  tube  with  the  liquid  sample  from  a  microsyringe,  and  analyzing  the  doped  tube  in  the  same 
manner  as  the  field  samples.  For  a  large  number  of  1-mg  calibration  runs  with  this  system,  the 
standard  deviation  was  found  to  be  (M).  109,  and  this  accuracy  is  uniform  over  the  usable  range  of 
the  method.  Background  levels  are  found  to  be  equivalent  to  0.008  mg  of  oil.  Using  a  level  of  2a 
above  the  background  level  (a  6dB  signal  to  noise  ratio)  establishes  a  minimum  detectable  mass  of 
0.015  mg  for  the  analyzed  sample.  Because  only  half  the  filter  is  used  in  most  of  the  Camp 
Atterbury  and  Meadowbrook  sample  analyses,  the  effective  minimum  detectable  dose  on  a  filter  is 
0.03  mg.  Analyzing  half-sections  of  the  filter  samples  allowed  reanalysis  of  questionable  data. 


Field  Sampling  Errors 

Several  errors  in  concentration  measurements  can  occur  with  our  sampling  procedure.  These 
include  simple  errors  such  as  those  involved  in  measuring  the  total  flow  through  the  filter.  Other 
sampling  errors  may  arise  in  aerosol  collection  for  which  the  inertial  and  settling  forces  on  the 
particles  must  be  investigated. 

FlflH-Ratfi 


The  aspiration  flow  rate  was  monitored  in  our  field  tests  with  a  rotameter  mounted  between 
the  vacuum  pump  and  the  filter  support  mast.  In  this  flow  geometry  the  inlet  of  the  rotameter  is  not 
at  atmospheric  pressure,  for  which  the  flow  meter  is  calibrated,  but  at  some  lower  pressure  primar¬ 
ily  dictated  by  the  flow  resistance  of  the  filter  cassettes. 

This  bias  error  in  the  measured  volumetric  flow  rate  may  be  adjusted  by  compensating  for  the 
density  of  the  fluid  in  the  rotameter,  according  to  Miller  (1983)  by; 


actual  ^^csign 


^  design 
P  actual 


(5.5) 


or,  using  the  ideal  gas  equation  of  state,  we  have 

^actual 


design 


actual 


design 


design 


actual 


(5.6) 


where  T  and  P  are  both  in  absolute  units.  Design  conditions  for  this  rotameter  are  standard  atmo¬ 
spheric  conditions,  or  25°C  and  latm.  Based  on  laboratory  measurements  of  the  pressure,  for  37- 
mm  diameter  filters  mounted  on  a  single  mast  we  have  the  corrections  shown  in  Table  5.7. 


Table  5.7  Flow  meter  corrections  for  the  sampling  filters 


Total  number  of 
filters 

Measured  flowrate 
[1pm] 

Qdesien 

Qactual 

Actual  flowrate 
[1pm] 

4 

11.8 

1.038 

0.98 

11.6 

4 

17.6 

1.059 

0.97 

17.1 

4 

23.6 

1.091 

0.96 

22.7 

2 

23.6 

1.073 

0.96 

22.7 

2 

35.4 

1.125 

0.94 

33.3 

2 

47.2 

1.177 

0.92 

43.4 

2 

2 

2 


Errors  in  flow  rate  due  to  this  pressure  correction  are  at  most  8%,  but  are  usually  much 
smaller.  Temperature  corrections  to  the  flow  rates  are  applied  using  the  average  ambient  tempera¬ 
ture  for  the  period  of  the  test.  In  the  more  severe  conditions  encountered  in  our  field  tests  [45°C  at 
Meadowbrook]  this  amounts  to  a  correction  of  only  4%. 

The  flow  rate  through  each  sampling  mast  was  set  at  the  beginning  of  each  test  and  remained 
constant  over  the  duration  of  the  test.  There  was  no  evidence  of  reduced  flow  rate  over  the  dura¬ 
tion  of  the  test,  probably  because  the  flow  restriction  of  the  fiber  filters  used  in  these  tests  does  not 
appreciably  change  at  the  mass  loading  levels  we  have  experienced. 

Aerosol  Sampling  Losses 

In  sampling  of  aerosols,  losses  of  particles  before  they  are  collected  on  a  filter  may  occur  due 
to  gravitational  settling,  inertial  forces  (anisokinesis),  diffusion,  or  electrostatic  forces.  For  atmo¬ 
spheric  aerosols  in  the  0.34  pm  to  1.73  pm  size  range,  which  encompass  95%  of  the  particle  size 
range  for  fog-oU  droplets  (on  a  mass  basis)  in  our  experiments,  electrostatic  and  diffusion  losses 
are  negligible.  It  is  necessary,  however,  to  further  quantify  any  inertial  or  gravitational  settling 
losses  which  may  occur  for  this  aerosol. 

Inertial  Particle  Losses 


Inertial  losses  of  particles  may  occur  in  aerosol  s?jnpling  due  to  the  inability  of  the  particles  to 
identically  follow  the  flow  field  near  the  sampler  inlet  for  conditions  when  the  flow  is  accelerated 
or  decelerated.  This  may  cause  the  measured  concentration  to  be  either  larger  or  smaller  than  the 
ambient  aerosol  concentration.  For  inlets  aligned  into  the  flow  direction,  inertial  losses  will  be 
eliminated  if  the  face  velocity  V  at  the  inlet  is  equal  to  the  external  flow  velocity  W.  This  is  called 
isokinetic  sampling.  For  conditions  where  this  does  not  occur,  the  collection  efficiency  will  be  a 
function  of  both  the  velocity  ratio  W/V,  and  the  particle  Stokes  number,  given  by 


St  = 


9vD, 


(5.7) 


where  dp  is  the  particle  diameter,  pp  is  the  particle  density,  v  is  the  kinematic  viscosity,  and  Dj  is 
the  inlet  diameter  of  the  sampler.  The  Stokes  number  physically  represents  the  ratio  of  the  particle 
stopping  distance  to  the  characteristic  probe  dimension.  The  particle  stopping  distance  calculated  in 
this  manner  is  vahd  only  when  the  drag  on  the  particle  is  in  the  Stokes  flow  regime,  which  includes 
only  very  small  Reynolds  numbers  (based  on  the  particle  diameter).  The  collection  efficiency  for 
probes  with  this  orientation  have  been  experimentally  investigated  by  Belyaev  and  Levin  (1974) 
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and  Davies  (196S).  In  general  their  results  show  the  collection  efficiency  has  greater  deviation 
from  unity  for  increasing  Stokes  number. 

For  inlet  geometries  where  the  probe  is  oriented  at  an  angle  relative  to  the  external  flow 
velocity,  the  collection  efficiency  is  a  function  of  the  probe  angle  as  well  as  the  velocity  ratio  WA^, 
and  the  particle  Stokes  number  St.  This  effect  has  been  investigated  by  Fuchs  (1975),  Durham  and 
Lundgren  (1980),  and  Tufto  and  Willike  (1982).  For  this  sampling  geometry  the  collection  effi¬ 
ciency  generally  decreases  with  increasing  angle  between  the  probe  inlet  and  the  approaching  flow. 

In  field  experiments,  the  sampler  orientation  with  respect  to  the  wind  direction  is  constantly 
changing  and  the  velocity  ratio  W/V  also  is  not  steady.  Corrections  to  the  data  from  wind  tunnel 
tests  could  not  be  made  without  a  great  deal  of  inhe’-ent  error.  The  only  hope  in  avoiding  collection 
efficiency  problems  due  to  this  effect  is  in  selecting  a  sampling  geometry  which  minimizes  inertial 
losses  of  particles  by  operating  in  a  range  with  a  small  Stokes  number. 

For  the  fog-cil  aerosol  (pp  =  0.91  g/cm^)  typical  values  of  the  particle  stopping  distance  (in 
cm)  are  as  shown  in  Figure  5.9.  The  Stokes  number  in  this  graph  uses  the  filter  inlet  velocity.  All 
values  in  this  plot  have  a  particle  Reynolds  number  which  is  less  than  3,  so  the  particle-flow  inter¬ 
action  is  always  within  the  Stokes  flow  regime. 

In  consideration  of  isokinetic  sampling  losses.  Hinds  (1982)  shows  no  significant  losses  for 
flow  mismatch  (V/W  ^  1 )  or  probe  misalignment  for  St  <  0.1,  and  the  fog-oil  smoke  easily  meets 
this  criteria.  For  sampling  in  still  air,  Davies  (1968)  cites  a  conservative  upper  limit  of  St  <  4  x  10- 
3  based  on  the  filter  face  velocity.  This  criteria  is  also  easily  met  with  this  aerosol. 

Gravitational  Settlin2  Losse.s 

In  gravitational  settling,  collection  efficiency  may  be  affected  by  the  finite  downward  velocity 
Vj  of  the  particles  if  the  filter  inlet  is  not  normal  to  the  gravity  vector.  This  is  a  more  significant 
problem  witn  larger  aerosol  particles.  In  stagnant  air,  the  settling  velocity  of  a  particle  is  the  termi¬ 
nal  velocity  of  a  particle  for  which  the  aerodynamic  drag  on  the  particle  is  equal  to  the  gravitational 
force  Typical  calculated  values  for  the  fog-oil  smoke  at  the  mass  mean  diameter  3nim  and  at  +lcyg 
and  +20g  of  the  particle  distribution  are  given  in  Table  5.8.  Evident  from  these  values  is  the  fact 
that  the  settling  velocity  is  very  small  for  fog-oil  smoke  particles.  To  estimate  sampling  losses,  this 
velocity  is  typically  nondimension  lized  by  the  sampler  flow  velocity  V  as 


Settling  losses  are  more  significant  for  larger  V'^,  so  that  these  effects  are  greater  in  stagnant 
conditions.  Davies  (1968),  cites  a  conservative  upper  limit  on  the  nondimensionalized  settling 
velocity  of  V'j  <  4  x  lO-^  which,  if  met,  ensures  that  gravitational  settling  is  an  insignificant  p<'frx:t 
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0.01 


Nonnal  filter  velocity  (m/s) 


Figure  5.9  Velocity  versus  particle  stopping  distance  and  Stokes  number  for 
fog-oil  smoke  aerosol.  Lines  are  calculated  for  the  mass  mean 
diameter,  and  at  -t-1  and  +2  geometric  standard  deviations  from  the 
mean. 
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relating  to  collection  efficiency.  The  largest  particle  size  in  the  table  corresponds  to  a  minimum 
acceptable  mean  sampling  velocity  of  about  0.23  cm/s,  which  is  easily  met  for  our  testing  condi¬ 
tions. 


Table  5.8  Settling  velocities  for  fog-oil  smoke  aerosol. 


Particle  diameter 
(pm) 

Settling  velocity 
(cm/sec) 

0.77 

0.0021 

+1  Og 

1.15 

0.0043 

+2ag 

1.73 

0.0091 

Agarwal  and  Lin  (1980)  specify  a  criteria  for  at  least  90%  collection  efficiency  for  conditions 
when  the  product  (St)(V's)  <0.1.  This  criteria  is  also  met  for  all  of  our  sampling  conditions.  In 
summary,  then,  there  is  a  good  theoretical  basis  for  assuming  that  the  collection  efficiency  of  our 
samplers  is  not  affected  by  inertial  effects  or  gravitation  setting  of  the  aerosol  particles  for  our  fog- 
oil  smoke. 

Another  criteria  of  settling  velocity  is  the  effect  of  deposition  on  the  conservative  nature  of  the 
aerosol.  For  the  particles  in  the  aerosol  smoke,  the  settling  velocity  is  small  enough  to  be  neglected 
in  dispersion  at  the  downwind  distances  at  which  we  are  making  measurements.  Most  deposition 
in  the  atmosphere  may  be  neglected  for  particles  smaller  than  1  pm  and  dispersion  distances  less 
than  several  kilometers. 


Aerosol-Vapor  Partitioning  of  the  Foy-oil  Smoke 


Although  fog-oil  is  a  relatively  nonvolatile  liquid,  the  aerosol  smoke  from  this  liquid  will 
evaporate  if  it  is  sufficiently  dilute.  The  dynamics  of  an  evaporating  droplet  are  controlled  by  the 
diffusion  of  vapor  surrounding  the  droplet,  which  is  represented  by 


dt  aiPpdpT^ 


(5.9) 


from  Hinds  (1982)  for  a  single  component  droplet.  TTiis  equation  neglects  the  Fuchs  effect,  where 
for  small  droplets  (<  0. 1  pm)  evaporation  is  controlled  by  the  kinetic  theory  of  gases.  It  also 
neglects  cooling  of  the  droplet  by  evaporation,  which  is  important  for  highly  volatile  droplets,  and 
the  Kelvin  effect,  for  which  the  saturation  vapor  pressure  surrounding  a  very  small  droplet  is 
increased.  In  this  equation,  ^is  the  ideal  gas  constant,  Pp  is  the  droplet  density,  dp  is  the  droplet 
diameter,  T„  is  the  ambient  temperature,  is  the  diffusivity  of  the  vapor  in  air,  M  is  the  molecular 


weight  of  the  droplet,  and  [?„  -  Ps]  is  the  difference  in  the  partial  pressure  of  the  vapor  across  the 
diffusion  layer. 

As  a  simplification  of  the  multi-component  fog-oil,  we  may  investigate  the  behavior  of  single 
component  droplets  of  n-paraffin  in  a  molecular  weight  range  similar  to  the  constituents  of  the  fog- 
oil.  The  heaviest  of  these  constituents  show  time  constants  for  changes  in  micron  sized  droplets 
which  are  only  several  tenths  of  a  second  in  magnitude,  and  several  millisecond  for  the  lighter 
weight  components.  Because  the  droplet  sizes  quickly  adjust  to  changes  in  we  are  mainly 
interested  in  the  case  of  ddp/dt  =  0,  or  P«,  =  P®.  In  this  method  for  determining  the  equilibrium 
liquid- vapor  partition,  we  can  neglect  the  Fuchs  effect  and  the  Kelvin  effect  for  dp  >  0.1  lim. 

Given  that  there  is  saturated  vapor  for  constiment  A  in  air  at  atmospheric  conditions,  we  have 


s,A 


P  4-  P 

^atm  ^  '^s.A 


(5.10) 


where  tia  is  the  mole  fraction  and  Ps,a  is  the  saturation  vapor  pressure.  The  mass  fraction  is  given 
by 


,  _ 


(5.11) 


and  the  mass  concentration  of  the  vapor  is 

^A,.;  =  ^A  Patm  =  <t>A  10^  mg/xx?) 


(5.12) 


where  <|)a  is  assumed  small.  For  n-paraffins  in  the  range  Cg  to  C20.  calculations  of  the  mass 
concentration  of  saturated  vapor  are  given  in  Figure  5.10.  For  a  given  constituent  in  this  graph, 
total  concentrations  at  a  lower  value  then  given  by  the  plotted  curve  would  exist  entirely  as  vapor, 
whereas  higher  concentrations  would  exist  as  a  saturated  vapor  with  some  fraction  of  condensed 
liquid  aerosol.  For  typical  measured  mean  concentrations  in  our  experiments,  only  components  of 
the  oil  which  have  a  higher  molecular  weight  than  approximately  C13  or  C14  are  seen  mainly  as 
condensed  liquid  aerosol.  This  is  shown  in  Figure  5.1 1  for  a  laboratory  sample  of  fog-oil  smoke 
in  which  most  of  the  total  mass  is  aerosol,  but  the  lightest  weight  fraction  exists  primarily  as  a 
vapor.  At  much  lower  concentrations  than  those  seen  in  our  dispersion  experiments,  we  would 
expect  that  a  greater  fraction  of  the  heavier  weight  constituents  would  exist  primarily  as  vapor. 


Experimental  Considerations  of  Particle  Losses 


To  further  quantify  any  losses  in  sampling  efficiency  for  the  fog-oil  smoke,  or  evaporation  of 
oil  from  the  filters,  a  diagnostic  field  test  was  conducted  at  Camp  Atterbury  on  July  9,  1986.  In 
this  test,  sets  of  sampling  masts  were  located  in  groups  of  four  downwind  from  a  fog-oil 
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Figure  5.10 


Minimum  mass  concentrations  of  n-Paraffms  required  for  saturated 
vapor  to  exist  at  atmospheric  pressure  and  temperanu'es. 


218 


Signal  level  (mg/min) 


Figure  5.11 


Partitioning  of  vapor  and  aerosol  in  a  fog-oil  smoke  sample.  This 
laboratory  sample  was  collected  with  an  aspirated  glass  fiber  filter 
backed  by  a  Tenax  sample  tube.  The  aerosol  was  collected  on  the 
filter  with  the  vapor  collected  by  the  Tenax  polymer  adsorbant.  The 
greatest  fraction  of  oil  in  this  sample  exists  as  a  liquid  aerosol.  These 
chromatogrjuns  were  produced  with  an  initial  oven  temperature  of 
150°C  and  an  oven  ramp  rate  of  25°C/min. 
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generator.  The  masts  in  each  group  were  arranged  as  follows:  one  faced  into  the  wind  and  was 
aspirated  at  22.7  liters/min;  another  faced  180°  opposite  to  the  wind  direction  and  was  aspirated  at 
the  same  flow  rate;  another  was  aspirated  for  an  extended  period  of  30  minutes  after  the  smoke 
termination;  and  another  was  aspirated  at  a  half  flow  rate  of  1 1.6  liters/min.  Corrections  to  the 
flow  meter  readings  based  on  the  absolute  pressure  just  upstream  from  the  flow  meter  were  applied 
to  the  data,  and  the  samples  were  analyzed  within  two  days  of  the  test.  Agreement  between 
concurrently  located  filters  were  good  and  no  trend  was  evident  in  the  data.  The  ratio  of  standard 
deviation  to  mean  in  diis  sample  set  was  Oj/c  =  0.17,  which  is  within  the  standard  error  of  the  fog- 
oil  analysis  method.  This  test  demonstrated  that  losses  due  both  to  anisokinetic  sampling  and 
evaporation  of  oil  from  the  filters  during  a  test  were  within  reasonable  limits  compared  with  the 
overall  accuracy  of  the  sampling  method. 


Evaporation  of  fog-oil  aerosol  or  collected  samples  on  a  filter  can  be  significant  over  a  several 
week  period.  In  1986,  several  dispersion  experiments  were  undertaken  and  many  months  were 
required  for  the  dosage  sample  analysis  to  be  completed.  This  meant  that  some  filters  were  stored 
for  a  considerable  period  of  time  before  being  analyzed.  Lx)ss  of  oil  was  found  to  have  occurred 
on  these  samples  during  the  storage  period.  The  loss  between  one  split  set  of  samples  analyzed  the 
day  after  after  a  test  and  six  months  later  averaged  69%.  The  difference  between  a  calibrated 
aerosol  photometer  and  fog-oil  samples  analyzed  a  similar  amount  of  time  after  exposure  was  82%. 
This  problem  pointed  out  the  need  for  further  investigation. 


In  an  attempt  to  duplicate  the  losses  due  to  extended  storage  of  samples  before  analysis,  labo¬ 
ratory  tests  were  made.  In  these  tests,  sets  of  28  filter  cassettes  were  simultaneously  dosed  with 
fog-oil  smoke  in  a  laboratory  setup  consisting  of  a  small  smoke  generator  and  a  well  mixed  aerosol 
chamber  in  a  continuous  flow  setup.  These  filters  were  all  aspirated  at  the  same  flow  rate  and 
should  all  have  the  same  dose  of  oil  within  a  group.  Any  differences  in  dose  upon  analysis  can  be 
attributed  to  losses  in  storage.  Several  sets  of  filters  were  dosed  with  oil  and  stored  in  various 
ways,  some  to  duplicate  previous  methods  of  storing  the  samples,  and  some  to  find  better  ways  of 
storing  the  samples  in  future  field  tests.  These  methods  were  as  follows: 

Storage  Method  A.  The  dosed  filters  were  kept  in  filter  cassettes  without  separating  them 
from  the  backup  support,  in  the  same  manner  as  most  of  the  1986  and 
1987  Camp  Atterbury  samples  were  stored. 


Storage  Method  B.  The  fUters  were  separated  from  the  backup  support,  but  kept  loosely  in 
the  original  filter  cassette  for  storage.  Most  of  the  Meadowbrook 
samples  taken  in  1987  were  stored  in  this  manner. 

Storage  Method  C.  The  filters  were  removed  from  the  cassette  holders  after  exposure,  cut, 
and  folded  into  a  stainless  steel  tube  which  was  capped  with  plastic  end 
caps. 

Storage  Method  D.  The  filters  were  prepared  as  in  C  but  instead  of  plastic  end  caps,  the 
stainless  steel  tubes  were  stored  in  clean  glass  screw  top  culture  tubes. 
Since  only  sections  of  the  filter  could  fit  into  the  stainless  steel  tubes,  the 
filters  used  here  were  from  the  same  set  as  C. 

The  data  for  the  mass  of  oil  measured  on  the  filter  versus  the  time  between  exposure  and 
analysis  are  presented  in  the  following  graphs.  The  data  in  these  graphs,  as  shown  in  Figure  5.12, 
indicate  progressively  less  scatter  in  the  data  for  Storage  Methods  A  through  D. 

For  Storage  Method  A,  a  few  of  the  filters  analyzed  after  long  storage  times  had  losses  simi¬ 
lar  in  magnitude  to  those  found  for  the  field  samples  taken  in  1986.  There  is  also  considerable 
scatter  in  the  data  which  creates  a  problem  in  finding  a  correction  factor  as  a  function  of  storage 
time.  For  extended  storage  of  samples,  as  occurred  for  samples  taken  at  Camp  Atterbury  in  1986, 
a  correction  factor  of  5,  corresponding  to  a  80%  loss  of  oil  is  appropriate.  All  of  the  samples  taken 
at  Camp  Atterbury  in  1987  were  also  stored  in  this  manner  and  a  similar  correction  factor  of  5  is 
appropriate. 

The  filters  from  the  Meadowbrook  dispersion  tests  were  stored  using  Storage  Method  B. 
Although  the  storage  losses  are  less  than  with  Storage  Method  A,  they  are  still  considerable  and 
need  correction.  For  a  single  test,  on  September  23,  1987,  in  the  Meadowbrook  field  studies,  the 
filters  were  cut  in  half  and  one  set  was  stored  loosely  in  the  cassettes  (Storage  Method  B)  while  the 
other  half  was  stored  using  Method  D.  The  average  of  the  mass  ratios  measured  for  each  sample 
fragment  under  the  two  different  storage  methods  gives  a  good  correction  factor  since  the  losses 
using  Method  D  are  negligible.  The  ratio  of  values  in  this  case  is  3.1,  which  amounts  to  a  loss  of 
68%  of  the  oil.  This  is  consistent  with  the  laboratory  tests  in  that  the  measured  value  shows  less 
oil  loss  than  filters  stored  using  Method  A. 

It  is  notable  that  the  error  for  Methods  C  and  D  is  very  close  to  the  standard  error  in  deter¬ 
mining  the  mass  of  oil  with  the  gas  chromatograph  alone.  Since  the  gas  chromatograph  error  is 
included  in  the  above  figures,  almost  no  additional  error  can  be  attributed  to  storage  losses  in  these 
cases.  The  problem  in  storing  filters  in  this  manner  is  only  in  the  time  and  labor  required  to  pack 
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Figure  5.12  Oil  losses  for  several  methods  of  filter  storage.  The  plot  shows  losses  of 
oil  with  time  of  a  series  of  identically  dosed  samples.  A)  The  filter 
cassettes  were  simply  capped.  B)  The  filters  were  peeled  firon  the  cellulose 
backing  disc  and  stored  loosely  within  the  cassette  housing.  C)  Filters 
were  removed  from  the  cassettes  and  sealed  in  clean  stainless  steel  tubes 
capped  with  plastic  endcaps.  D)  Filters  were  removed  from  the  cassettes, 
packed  in  clean  stainless  steel  tubes,  then  sealed  within  glass  screw  top  test 
tubes. 
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the  filters  in  the  storage  tubes.  In  field  situations,  where  a  quick  cycle  time  is  required  for  the  next 
day  of  testing  and  hundreds  of  dosage  samples  are  taken  in  each  test,  we  simply  lacked  the  person¬ 
nel  to  use  either  of  these  methods. 

To  minimize  the  relative  bias  error  between  dosage  samples  for  a  single  test,  the  group  of 
samples  taken  in  a  particular  test  were  analyzed  together.  Analysis  of  a  single  set  of  samples  could 
be  completed  in  about  six  days.  In  this  way,  a  single  correction  factor  is  applied  to  all  the  data  for 
a  given  test,  and  although  the  absolute  mass  in  each  case  is  subject  to  a  degree  of  error,  the  rela¬ 
tionship  between  relative  dosages  in  a  test  is  still  maintained. 

The  standard  error  for  samples  analyzed  with  this  method  can  be  estimated  from  the  large 
group  of  laboratory  samples  which  were  each  dosed  with  a  identical  mass  of  fog-oil  smoke.  For 
this  purpose,  the  samples  analyzed  at  times  greater  than  three  months  were  neglected,  giving  an 
estimated  error  of  Oj/c  =  0.24  for  the  Meadowbrook  dispersion  smdies  and  Oc/c  =0.38  for  the 
Camp  Atterbury  data.  This  magnitude  of  standard  error  is  consistent  with  other  similar  one-hour 
mean  concentration  measurements  made  in  the  atmosphere  using  different  tracer  methods. 

Another  source  which  may  be  useful  in  estimating  the  standard  error  in  mean  concentrations 
are  the  experimental  data  themselves.  For  unstable  atmospheric  conditions,  there  should  be  little 
gradient  in  concentration  over  the  8-m  height  of  the  sampling  masts  and  the  scatter  in  measured 
values  over  a  single  mast  is  attributable  to  the  sampling  and  analysis  method.  This  is  shown  in 
Figure  5.13  for  the  Camp  Atterbury  fog-oil  data  where  the  scatter  in  values  is  plotted  as  a  function 
of  concentration.  The  greatly  increased  scatter  at  lower  concentrations  can  be  attributed  to  the 
increased  noise  in  these  smaller  samples. 

5.4  HC  Smoke  Analysis 

5.4.1  Source  Characteristics  and  Chemical  Constituents  of  the  HC  Smoke 

Five  dispersion  tests  were  conducted  at  Camp  Atterbury  using  a  total  quantity  of  100  M5-HC 
30-lb  smoke  pots  from  the  US  Army.  The  M5-HC  smoke  pot  was  a  cylindrical  sheet  metal 
container,  21.5  cm  in  diameter  by  24  cm  high,  filled  with  approximately  16.6  kg  of  HC  smoke 
mixture  and  0.5  kg  of  a  fast  burning  HC  smoke  mixture.  The  pots  were  tapered  at  the  bottom  to 
facilitate  stacking.  They  were  covered  by  a  circular  tear  strip  which  is  removed  before  use.  A 
plastic  cup  containing  a  starter  mixture  was  embedded  in  the  top  of  the  smoke  mixture.  An  electric 
squib  provided  with  the  pot  was  used  to  ignite  the  material  in  our  tests. 

Composition  of  the  HC  smoke  mixture  is  specified  (Katz  et  al.,  1980b)  in  Table  5.9.  The 
ratio  of  hexachloroethane  to  zinc  oxide  is  maintained  at  a  ratio  of  1 : 1  to  1:1 .04.  The  amount  of 
aluminum  is  varied  to  alter  the  bum  time.  The  bulk  of  the  mixture  is  maintained  at  5-7%  aluminum 
whereas  the  fast  burning  mixture  contains  7-11%  aluminum,  according  to  design  specifications. 
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Figure  5.13  Ratio  of  standard  deviation  to  variance  for  average  mean 
concentrations  measured  by  multiple  filters  on  the  same  sampling 
mast  for  the  fog-oil  dispersion  tests 
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Table  5.9  Composition  of  unbumed  HC  smoke  mixture. 


1  Description 

Weight  %  (approx.) 

Grained  Aluminum 

Al 

6.7  % 

Zinc  Oxide 

ZnO 

46.6  % 

Hexachloroethane 

C2CI6 

46.7  % 

The  ignited  pots  burn  as  hot  as  1500°C.  According  to  Katz  et  al.,  (1980b)  the  bulk  of  the 
combustion  products  condense  to  aerosol  particles  consisting  of  zinc  chloride  (ZnCh)  and 
aluminum  oxide  (AI2O3)  with  a  fraction  of  condensed  organic  compounds  including 
hexachloroethane.  Gases  found  in  the  burned  mixture,  as  analyzed  by  the  same  authors,  are  given 
in  Table  5. 10,  where  the  mass  fraction  is  relative  to  the  HC  reagent.  A  wide  range  of  variability  is 
noted  in  the  table,  probably  due  to  the  difference  between  laboratory  and  field  conditions  under 
which  the  range  of  samples  were  obtained.  Approximately  30%  of  the  reagent,  once  burned, 
remains  in  and  near  the  pot  as  residue. 


Table  5.10  Gaseous  combustion  products  of  HC  smoke. 


1  Description 

Weight  % 

tetrachioroethylene 

C2CI4 

3.0  -  17.0% 

tetrachloromethane 

CCI4 

1.0  -  3.0% 

hexachloroethane 

C2CI6 

0.3  -  5.0% 

carbonyl  chloride 

COCI2 

0.1  -  1.0% 

hexachlorobenzene 

C6C16 

0.4  -0.9% 

carbon  monoxide 

CO 

0.9  -  3.7% 

hydrogen  chloride 

HCl 

0.03  -  3.4% 

chlorine 

CI2 

0.3  -  1.9% 

The  Army  uses  single  pots  or  stacks  of  3  to  5  pots,  with  the  upper  levels  igniting  lower  levels 
as  they  bum.  We  used  several  different  arrangements  of  pots  in  our  dispersion  tests.  In  order  to 
determine  the  effects  of  different  configiu-ations  on  combustion  characteristics,  we  burned  two 
single  pots,  one  upright  and  one  on  its  side,  to  determine  approximate  bum  times,  exit  temperature, 
and  release  rate.  The  weight  of  the  pot  was  monitored  on  a  scale  and  the  exit  temperatures  were 
monitored  with  thermocouples.  Both  of  these  were  digitally  recorded  using  a  Campbell  Scientific 
21 X  datalogger.  Finite  differences  of  the  weight  record  in  time  produced  a  mass  release  rate. 
These  results  are  shown  in  Figure  5.14.  The  temperature  shown  in  this  figure  was  measured  with 
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Figure  5.14  Release  rate  and  exit  temperature  histories  for  single  HC  smoke  pots  (a) 
positioned  upright  and  (b)  positioned  on  side. 
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a  thermocouple  located  3  to  5  cm  from  the  top  of  the  pot.  Variations  in  temperature  between  the 
two  releases  are  due  to  variations  in  the  precise  location  of  the  thermocouple. 

In  five  full-scale  dispersion  tests  which  were  conducted,  approximately  20  pots  were  burned 
per  test  These  were  grouped  on  the  scale  to  provide  release  rate  information  and  to  keep  the  fire 
hazard  to  a  minimum.  Plots  of  the  release  rate  versus  time  for  all  the  tests  are  given  in  Figure  5. 15. 
For  Test  1 109871  the  pots  were  arrayed  in  a  single  layer  5  by  4  grid  on  the  scale  and  electrically 
wired  with  the  intention  of  firing  a  set  of  five  pots  every  20  minutes  for  a  total  80  minute  release. 
In  operation,  the  first  set  of  pots  soon  ignited  all  of  the  others,  so  that  this  test  was  only  twenty- 
five  minutes  in  duration,  resulting  in  a  very  high  release  rate.  For  Test  1110871, 4  stacks  of  5  pots 
each  were  arrayed  on  the  scale  with  the  first  layer  ignited  to  start  the  test.  This  arrangement 
produced  a  better  result,  with  the  only  modification  in  the  remaining  tests  being  a  wire  fence 
surrounding  the  stacks  to  keep  the  pots  from  falling  into  a  pile.  The  later  Tests  1110872  and 
1112872  had  a  much  more  stable  release  as  a  function  of  time.  For  Test  1113871  no  data  are 
available,  since  the  recording  equipment  failed.  The  smoke  release  in  Test  1113871  was  very 
similar  to  that  of  Test  1 1 1 287 1 .  The  temperature  monitored  several  centimeters  from  the  top  of  one 
stack  of  pots  with  a  thermocouple  is  given  in  Figure  5.15  for  Test  1 1 12871 . 

The  HC  smoke  pots  release  a  dirty  mixture  of  many  chemical  species.  In  our  calculations, 
the  zinc  is  used  as  a  conservative  marker  in  the  dispersion,  with  other  concentrations  indirectly 
related  to  the  zinc  concentration.  Analysis  of  912  smoke  samples  from  aU  our  tests  showed  the  the 
average  ratio  of  zinc  to  aluminum  in  the  smoke  aerosol  to  be  1 :0.045,  as  shown  in  Table  5.11. 


Table  5. 1 1  Ratio  of  zinc  to  aluminum  in  HC  smoke. 


For  mass  of  Zn 

(mass  Zn  /Al) 

o 

XZn  >  50  pg 

0.045 

0.026 

0.5  pg  <  Zzn  <  50  pg 

1.50 

1.85 

Increasing  scatter  in  this  ratio,  for  zinc  sample  smaller  than  50  |ig,  gives  an  indication  of  the 
increased  error  with  a  lower  measured  dose.  Given  this  ratio  and  the  specification  for  the  compo¬ 
sition  of  the  unbumed  HC  smoke  mixture,  we  have  the  mass  of  Zn  given  by  XZn^  and  from  the 
molecular  weight  ratio  of  ZnO  we  have  the  mass  of  oxygen  in  the  reagent  relative  to  zinc  given  by 

Xo  =  XZn(  16.0/65.39)  (5  13) 

From  the  Zn  to  A1  ratio  given  in  Table  5.1 1  we  have 

).,i  =  Xzn(  0.043)  (5- (4) 
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Test  1109871 
HC  smoke 
November  9, 1987 
Start  15:45 
End:  16:10 
Duration:  25  minutes 

-  Release  rate 


-20  0  20  40  60  80 

Time  relative  to  start  (min) 


Test  1110871 
HC  smoke 
November  10, 1987 
Start  11:28 
End:  12:05 
Duration:  37  minutes 

-  Release  rate 


-20  0  20  40  60  80 

Time  relative  to  start  (min) 


Figure  5.15  Release  rate  histories  for  the  HC  smoke  dispersion  tests  at  Camp 
Atterbury  for  (a)  Test  1 109871  and  (b)  Test  1 1 10871. 
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(a) 


Test  1110872 
HC  smoke 
November  10, 1987 
Start:  16:38 
End:  17:25 
Duration:  47  minutes 

-  Release  rate 


-20  0  20  40  60  80 

Time  relative  to  start  (min) 


Test  1112871 
HC  smoke 
November  12, 1987 
Stan:  13:31 
End:  14:17 
Duration:  46  minutes 

.  Exit  temperature 

-  Release  rate 


Time  relative  to  start  (min) 


Figure  5.15  (continued)  Release  rate  and  exit  temperature  histories  for  HC  smoke 
at  Camp  Atterbury  for  (a)  Test  1 1 10872  and  (b)  Test  1 1 1287 1 . 
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For  the  1:1  ratio  of  Zn  to  C2CI6  given  in  Table  5.9 


Substitution  gives 


XC2Cl6  =  XZn(  100) 


XTotal  =  XZn  +  Xo  +XA1  +XC2C4  =  2.29  XZn 


(5.15) 

(5.16) 


This  relates  the  mass  of  reagent  to  zinc  concentrations  in  the  smoke.  A  list  of  release  information 
for  our  HC  smoke  dispersion  tests  is  given  in  Table  5.12  in  terms  of  total  mass,  the  mass  of 
aluminum,  and  the  mass  of  zinc. 


Table  5.12  Mass  released  and  mean  release  rates  for  HC  smoke  tests. 


Test 

Total 

duration 

(min) 

Mass  released  (kg) 

Mean  release  rate  (g,  ^ 

Number 
of  pots 

Total 

Zn 

A1 

Total 

Zn 

A1 

1109871 

25 

222.1 

97.0 

4.17 

148.1 

64.7 

2.8 

19 

1110871 

36 

229.3 

100.1 

4.31 

106.2 

46.4 

2.0 

20 

1110872 

47 

219.5 

95.9 

4.12 

77.8 

34.0 

1.5 

20 

1112871 

45 

218.5 

95.4 

4.10 

80.9 

35.3 

1.5 

20 

1113871 

43 

202.0 

88.2 

3.79 

78.3 

34.2 

1.5 

18 

upright  pot 

18 

10.7 

4.6 

0.20 

9.9 

4.3 

0.18 

1 

pot  on  side 

17 

10.2 

4.4 

0.20 

10.0 

4.4 

0.19 

1 

5.4.2  Analysis  Method  for  HC  Smoke 

Dosage  samples  of  the  HC-smoke  aerosol  were  collected  on  37-mm  cellulose  ester  filters 
with  a  0.45-^im  pore  size  using  the  same  aspiration  equipment  as  for  the  fog-oil  smoke.  All  of 
these  filter  samples  were  analyzed  by  Coors  Analytical  Laboratory  of  Boulder,  Colorado  during  the 
period  from  December  7,  1988  through  January  13, 1989.  All  filters  were  analyzed  for  the  mass 
of  zinc  and  aluminum.  Thirty-two  filters  were  subjected  to  anion  analysis  for  bromide,  chloride, 
iodide,  nitrate,  and  sulfate.  Of  these  32  samples,  22  were  analyzed  for  arsenic,  cadmium, 
mercury,  and  lead.  The  remaining  10  samples  were  analyzed  for  the  presence  of  40  elements. 

Vapor  samples  were  also  taken  in  the  five  dispersion  tests.  Each  sampler  consisted  of  a  cel¬ 
lulose  ester  membrane  filter  to  remove  particulates  followed  by  a  Tenax  polymer  adsorbent  tube. 
Each  of  these  were  aspirated  at  100  ml/min  over  the  test  duration.  A  total  of  12  samples  were 
taken.  These  samples  were  analyzed  for  tetrachloromethane,  tetrachloroethylene,  hexachloro- 
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ethane,  and  hexachlorobenzene  using  a  thermal  desorption-gas  chromatography  system  in  our  own 
laboratory  over  a  period  from  March  16  -  18, 1988. 

Analysis  of  HC  Smoke  Aerosol  Samples 

The  Coots  Laboratory  analysis  of  filter  samples  for  the  mass  of  A1  and  Zn  was  accomplished 
by  first  digesting  them  in  nitric  acid,  then  using  a  inductively  coupled  argon  plasma  atomic  emis¬ 
sion  spectrometer  (ICAP-AES)  technique  on  the  Model  1100  Thermo  Jarrell  Ash  system  with 
normal  aqueous  aerosol  sample  introduction. 

For  digestion,  the  samples  were  placed  in  clean,  dry  150-ml  beakers.  A  100-p.l  aliquot  of 
lOOO-mg/liter  Co  was  added  as  an  internal  standard.  A  2.5-ml  aliquot  of  very  high  purity  nitric 
acid  was  added,  a  refluxing  watch  glass  placed  over  the  beaker,  and  the  sample  was  heated  for 
fifteen  minutes  over  medium  heat  to  dissolve  the  filter.  The  sample  was  not  allowed  to  evaporate 
to  dryness.  The  samples  were  quantitatively  transferred  to  10  ml  test  tubes  and  rinsed  with  5% 
very  high  purity  nitric  acid.  The  test  tubes  were  capped  and  the  contents  manually  mixed  by  shak¬ 
ing  the  tubes. 

In  the  ICAP-AES  instrument,  a  sample  of  the  liquid  solution  of  the  dissolved  filter  is  sprayed 
into  an  argon  plasma.  Atomic  emission  spectra  is  used  for  quantifying  the  concentration  in  the 
argon  plasma  of  the  element  of  interest  The  plasma  excitation  source  is  responsible  for  the  excep¬ 
tional  sensitivity  of  this  instrament.  Reduced  results  are  given  in  terms  of  the  total  mass  of  each  of 
Zn  or  A1  on  the  filter.  Mean  concentrations,  which  are  presented  in  terms  of  Zn  and  Al,  are  calcu¬ 
lated  from  the  average  flow  rate  over  the  test  duration. 

In  the  detailed  analysis  of  the  32  filter  samples,  arsenic  and  selenium  were  analyzed  using  the 
ICP-hydride  technique.  Bromide,  chloride,  iodide,  nitrate,  and  sulfate  were  analyzed  using  ion 
chromatography.  The  remaining  elements  were  analyzed  in  the  same  manner  as  the  aluminum  and 
zinc  samples.  Results  of  this  analysis  are  used  to  find  an  average  composition  of  the  HC  smoke 
aerosol  and  are  given  in  Table  5.13.  The  elements  present  in  this  analysis  are  consistent  with  the 
composition  of  the  source,  including  the  canisters,  possible  composition  of  the  starter  mixture,  and 
trace  elements  present  in  the  refining  of  zinc.  As  expected,  the  greatest  fraction  of  the  aerosol  is 
zinc  chloride. 

The  sum  of  the  mass  fractions  relative  to  the  HC  reagent  add  to  1.107,  so  that  this  compo¬ 
sition  differs  from  the  results  of  Katz  et  al.,  (1980b),  which  were  found  from  burning  the  HC 
smoke  material  in  a  laboratory  setting.  Almost  all  of  this  difference  can  be  attributed  to  the  iron, 
which  comes  from  the  vaporized  sheet  metal  canisters,  not  present  in  the  laboratory  tests. 
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Table  5.13  Average  composition  of  the  HC-smoke  aerosol.  No  amount  of  iodide, 
mercury  (Hg),  gold  (Au),  cerium  (Ce),  potassium  (K),  lanthanum  (La), 
lithium  (Li),  neodymium  (Nd),  palladium  (Pd),  praseodymium  (Pr), 
platinum  (Pt),  thorium  (Th),  or  yttrium  (Y)  was  detected  in  these  samples. 


Mass  ratio  to  zinc 


Description 


Zinc 


Chloride 


Iron 


Sodium 


Alummum 


Sulfate 


Calaum 


Lead 


Phosphorous 


Silicon 


Nitrate 


Bromide 


Tin 


Boron 


Magnesium 


Chromium 


Barium 


Ziicomum 


Vanadium 


Cobalt 


Silver 


Nickel 


Copper 


Titamum 


Cadmium 


Molybdenum 


Antimony 


BeryUium 


Manganese 


Strontium 


Arsemc 


Selemum 


Average 


l.(X)0 


0.881 


0.221 


0.155 


0.080 


0.040 


0.033 


0.026 


0.020 


0.015 


0.012 


0.012 


0.0084 


0.0059 


0.0046 


0.0039 


0.0030 


0.0024 


0.0023 


0.0020 


0.0019 


0.0019 


0.0016 


0.0015 


0.0013 


0.0012 


0.00054 


0.00036 


0.00033 


0.00017 


0.00015 


0.00015 


0.2016 


0.0721 


0.0578 


0.0187 


0.0234 


0.0273 


0.0085 


0.0071 


0.0051 


0.0072 


0.0047 


0.0020 


0.0016 


0.0036 


0.0013 


0.0009 


0.0004 


0.0017 


0.0001 


0.0010 


0.0029 


0.0006 


0.0012 


0.0004 


0.0001 


0.0002 


0.0001 


0.0001 


0.0001 


0.89 


0.053 


0.63 


1.93 


0.46 


1.00 


0.74 


0.28 


0.61 


0.59 


0.67 


0.67 


0.437 


0.385 


0.096 


0.068 


0.035 


0.018 


0.014 


0.011 


0.009 


0.00638 


0.00521 


0.00509 


0.00366 


0.00259 


0.00203 


0.00169 


0.00129 


0.00104 


0.00101 


0.00085 


0.00084 


0.00083 


0.00071 


0.00067 


0.00057 


0.00051 


0.00024 


0.00016 


0.00015 


7.2869E-05 


6.727  lE-05 


6.4323E-05 
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The  analysis  of  the  gaseous  constituents  of  the  HC  smoke  collected  on  the  Tenax  polymer 
adsorbent  mbes  was  accomplished  using  a  thermal  desorption  gas  chromatography  system  as 
previously  described  in  Section  5.3.2.  Operating  conditions  for  the  instrument  are  presented  in 
Table  5.14.  The  primary  differences  between  the  HC  vapor  analysis  and  the  previous  fog-oil  anal¬ 
ysis  is  the  substitution  of  a  different  separative  column  and  the  lower  initial  oven  temperature. 
Cooling  of  the  oven  to  the  20°C  initial  temperature  is  aided  by  injecting  liquid  N2  into  the  column 
oven. 


Table  5.14  Key  parameters  of  gas  chromatography  method  used  to  analyze  HC 
smoke  vapor  samples 


Chromatograph:  .  Perkin -Elmer  Sigma  3{X)  with 

LQ- 100  Integrator  and  Model 
7500  Computer 

Detector:  .  Flame  Ionization 

Column:  .  12  ft.,  .25  in  OD,  AP-L  15% 

Chrom  W  80/100  mesh 


Temperatures: 


Modified  Injector  . 

.  300  °C 

Detector  . 

.  350  °C 

Column 

Initial  . 

.  20°C 

Ramp  . 

.  8  °C/min. 

Final  . 

.  300  °C  for  20  min. 

Carrier  gas:  . 

.  Ultra-pure  Nitrogen 

Flow  rates: 

Column  . 

.  35  ml/min 

Inlet  . 

.  70  ml/min 

Split  ratio  . 

.  1  :  1 

Analysis  time:  . 

.  60  min. 

Calibration  of  the  flame  ionization  detector  (FID)  is  provided  by  analysis  of  pure  samples  of 
tetrachloromethane,  tetrachloroethylene,  hexachloroethane,  and  hexachlorobenzene.  The  solid 
hexachloroethane  and  hexachlorobenzene  were  dissolved  in  solutions  of  1  mg/liter  of  hexane  and 
doped  on  clean  Tenax  sample  tubes  to  find  the  elution  time  and  the  FID  detector  sensitivity.  For 
the  volatile  tetrachloromethane  and  tetrachloroethylene  liquids,  vapor  samples  were  aspirated  onto 
clean  Tenax  sample  tubes  and  analyzed  to  determine  the  elution  times.  Calibration  for  these  vapor 
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samples  was  provided  by  determining  the  effective  sensitivity  of  the  FID  detector,  which  has  a 
response  proportional  to  carbon  concentration,  for  n-dodecane  and  hexane,  then  calculating  the 
effective  sensitivity  for  tetrachloromethane  and  tetrachloroethylene. 

Results  of  this  sample  analysis  are  given  in  Table  5.15.  The  data  are  presented  in  terms  of 
the  average  ratio  of  the  particular  vapor  to  that  of  the  zinc,  along  with  the  standard  deviation  of  this 
ratio  for  the  sample  set.  All  of  the  field  samples  were  dosed  with  very  small  quantities  of  vapor, 
and  the  scatter  between  the  samples  is  high.  The  chromatogram  for  sample  1 1 10872.4.7.1,  which 
was  the  most  heavily  dosed  in  the  set,  is  repeated  in  Figure  5.16,  with  the  elution  peaks  of  the 
identified  compounds  marked. 


Table  5.15  Ratio  of  zinc  concentration  and  reagent  to  that  of  the  identified  organic 
vapor  compound.  Means  and  standard  deviations  for  this  ratio  are 
shown. 


Mass  ratio 
vapor  to  Zn 

Vapor/reagent 
mass  fraction 

Description 

Mean 

a 

Mean 

a 

tetrachloromethane 

0.1043 

0.160 

0.0716 

0.11 

tetrachloroethylene 

0.0458 

0.074 

0.0324 

0.05 

hexachloroethane 

0.0496 

0.073 

0.0319 

0.05 

hexachlorobenzene 

0.2581 

0.464 

0.2026 

0.36 

(Jp  to  35  unidentified  peaks  are  seen  in  the  chromatogram  of  Figure  5. 16.  We  are  unable  to 
identify  most  of  these  compounds  using  our  technique.  For  oie  other  eleven  chromatograms  in  the 
data  set,  the  shape  and  ratio  of  the  set  of  resolved  peaks  varies  considerably  between  the  different 
samples  as  illustrated  by  the  wide  error  bars  for  the  data  of  Table  5.15. 

5.4.3  HC  Smoke  Analysis  Errors 
Field  Sampling  Errors 

Several  errors  in  concentration  measurements  can  occur  with  our  sampUng  procedure  for  HC 
aerosol  smoke.  These  includes  errors  such  as  those  involved  in  measuring  the  total  flow  through  a 
filter  and  clogging  of  the  filters  with  increasing  mass  loading.  Other  sampling  errors  may  arise  in 
aerosol  collection  for  which  the  inertial  and  settling  forces  on  the  particles  must  be  investigated. 
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Elution  time  (min) 


Figure  5. 16  A  chromatogram  of  HC  smoke  vapor.  This  sample  is  from  Test  1 1 10872 
and  was  located  near  Mast  7  on  Transect  4  at  a  sampling  height  of  1  m. 
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Flow  Rate 


The  same  equipment  was  used  to  measure  the  flow  rate  in  the  HC  tests  as  in  the  fog-oil  tests. 
The  filters  in  the  HC  tests  are  37-mm  diameter,  0.45-|im  pore  size  cellulose-ester  membrane  filters. 
Corrections  to  rotometer  readings  due  to  flow  resistance  may  be  made  using  Eq.  5.8  and  are 
shown  in  Table  5.16.  These  values  are  for  clean  filters  and  the  flow  correction  is  substantial 
because  of  the  large  pressure  drop  across  the  filter. 


Table  5. 16  Row  meter  corrections  for  the  sampling  filters. 


Total  Number  of 

Measured  flowrate 

^design 

Qdesign 

Actual  flowrate 

filters 

[1pm] 

Factual 

Qactual 

Opm] 

4 

23.6 

1.565 

0.76 

18.0 

8 

11.8 

1.206 

0.92 

10.8 

The  flow  rate  through  each  sampUng  mast  was  set  at  the  beginning  of  each  test,  and  appeared 
to  remain  constant  over  the  duration  of  the  test  After  the  tests  were  completed  however,  there  was 
evidence  that  the  more  highly  dosed  filters  were  clogged  and  the  flow  was  severely  restricted  for 
these  samples. 

The  membrane  filters  trap  particles  in  0.45-M.m  diameter  capillaries  etched  through  the  filter. 
Each  collected  particle  clogs  a  capillary  so  that  the  pressure  drop  and  flow  rate  depends  on  the  filter 
loading.  We  can  calculate  the  maximum  loading  fw  these  Nucleopore  membrane  filters  using  data 
from  the  manufacturer.  Each  37-mm  filter  is  etched  with  close  tolerance  0.45  pm  diameter  capillar¬ 
ies  to  a  porosity  of  79%,  for  a  total  of  6.8  x  10^  holes.  For  the  HC  aerosol,  and  using  a  diameter 
of  average  mass  in  the  range  of  0.4  to  0.6  pm,  this  translates  into  a  maximum  aerosol  mass  to 
completely  clog  the  filter  in  the  range  of  0.45  to  1.5  mg. 

Examination  of  the  data  for  the  analyzed  filters  shows  a  maximum  filter  load  for  each  of  the 
tests  in  the  range  of  0.96  to  1 .34  mg,  so  that  it  is  probable  that  filter  clogging  is  significant  for  our 
data.  This  effect  was  not  evident  during  our  tests  because  the  flow  meter  reading  Qdesign  remained 
approximately  constant  while  the  actual  flow  Qacmai  decreased  with  decreasing  absolute  pressure 
Factual  seen  by  the  flow  meter. 

This  effect  of  the  filter  clogging  became  clear  when  the  concentration  results  were  analyzed. 
The  concentrations  on  the  highly  dosed  masts  near  the  source  varied  little  over  distances  exceeding 
100  m  in  some  cases.  In  order  to  correct  this  problem,  a  correction  factor  was  developed  for  these 
data  which  took  into  account  the  lower  aspiration  rates  created  by  high  filter  loading.  This 
correction  factor  assumes  a  collection  efficiency  of  100%  for  filter  loadings  less  than  120pg  and 


236 


lowers  the  efficiency  exponentially  for  loadings  above  this  threshold.  The  development  and 
application  of  this  correction  scheme  is  discussed  thoroughly  in  DeVaull  et  al.  (1989). 

Aerosol  Sampling  Losses 

In  sampling  of  the  HC  aerosol,  losses  of  particles  before  they  are  collected  on  a  filter  may 
occur  due  to  gravitational  settling  and  inertial  forces  and  must  be  quantified. 

Inertial  Particle  Losses 

We  calculate  the  Stokes  number  for  the  aerosol  and  filter  inlet  geometry  to  determine  if  iner¬ 
tial  effects  are  significant.  The  Stokes  number  is  the  ratio  of  the  particle  stopping  distance  to  the 
characteristic  probe  dimension.  For  the  HC  aerosol,  (Pp  =  2.0  g/cm^),  typical  values  of  the  parti¬ 
cle  stopping  distance  (in  cm)  are  as  shown  in  Figure  5.17.  All  values  in  this  plot  are  for  particle 
motion  in  the  Stokes  regime.  Although  the  same  37-mm  diameter  filter  cassettes  were  used  for 
both  the  fog-oil  smoke  and  the  HC  aerosol,  the  samplers  for  the  HC  smoke  were  operated  with  a 
protective  cover  in  place  which  had  a  reduced  inlet  size  of  0.42  cm.  The  Stokes  number  is  calcu¬ 
lated  using  this  diameter,  and  is  also  shown  in  this  graph.  In  terms  of  anisokinetic  sampling,  for 
conditions  shown  in  this  graph  more  than  96%  of  the  aerosol  mass  distribution  will  show  no 
losses  using  the  St  <  0.1  criteria  given  by  Hinds  (1982).  Davies  (1968)  cites  a  conservative  upper 
limit  for  neglecting  inertial  effects  in  aerosol  collection  in  stagnant  air  of  St  <  4  (lO'^).  This  is  also 
shown  on  the  figure  and  is  exceeded  only  by  the  larger  sized  aerosol  particles. 

Gravitational  SettlinH  Losses 

In  gravitational  settling,  collection  efficiency  may  be  affected  by  the  finite  downward  velocity 
Vg  of  the  particles.  Typical  calculated  values  for  the  HC  smoke  are  given  in  Table  5.17.  The 
settling  velocity  is  nondimensionalized  using  V*'  =  VjA^  and  V  is  the  sampler  flow  velocity. 
Davies  (1968),  cites  a  conservative  upper  limit  on  the  nondimensionalized  settling  velocity  of  V'g  < 
4(10' 2)  which,  if  met,  insures  that  gravitational  settling  is  an  insignificant  effect  relating  to  collec¬ 
tion  efficiency.  This  limit  is  easily  met  for  our  sampling  conditions. 

Particle  settling  velocities  also  effect  the  conservative  nature  of  the  aerosol,  with  deposition 
becoming  significant  for  the  larger  particles  at  greater  downwind  distances.  For  the  largest  parti¬ 
cles  in  the  HC  aerosol  size  distribution,  the  settling  velocity  is  significant.  This  settling  can  be 
neglected  for  over  96%  by  mass  of  the  aerosol  size  distribution. 
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Stopping  distance  (cm) 


Figure  5.17 


Normal  filter  velocity  (m/s) 


Velocity  versus  particle  stopping  distance  and  Stokes  number  for  HC 
aerosol  smoke.  Lines  are  calculated  for  the  mass  mean  diameter,  and 
at  +1  and  +2  geometric  standard  deviations  from  the  mean. 
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Table  5.17  Settling  velocities  for  HC-smoke  aerosol. 


Particle  diameter  (pm) 

Settling  velocity  (cm/sec) 

Mass  mean  diameter 

1.16  ^irn 

0.0088 

+  1  Og 

2.43  |im 

0.0368 

+2  Og 

5.11  M-m 

0.1600 

5.4.4  HC  Smoke  Field  Sample  Analysis  Errors 

While  the  chemical  sampling  analysis  was  performed  by  a  commercial  laboratory  without  a 
detailed  error  analysis,  we  can  estimate  the  scatter  in  mean  concentration  measurements  from  sets 
of  filters  taken  from  a  single  sampling  mast.  This  scatter  in  mean  values  is  shown  in  Figure  5.18 
as  a  function  of  the  measured  concentration.  There  is  a  slight  decrease  in  the  noise  for  smaller 
sample  sizes.  The  data  cluster  between  0. 1  and  1  mg/m^  is  due  to  the  filter  clogging  at  higher  mass 
loading  which  biases  the  higher  actual  concentrations  to  smaller  values.  Overall  scatter  in  these 
values  is  very  similar  to  the  scatter  in  the  fog-oil  concentration  measurements. 

5.5  Real-Time  Concentration  Measurement  Instruments 

Several  types  of  instruments  are  available  for  measuring  various  properties  of  pollutants  or 
tracers  at  a  speed  sufficient  to  be  considered  real-time  detection  instruments.  Since  we  are  limited 
to  aerosol  tracers,  it  is  most  direct  to  measure  an  aerosol  property  rather  than  some  molecular  prop¬ 
erty  of  the  particular  constituents  of  the  aerosol.  Although  this  method  is  not  as  selective  as 
measuring  a  chemical  property,  it  can  be  sensitive  enough  to  easily  detect  concentrations  above  the 
background  levels  of  aerosol  in  the  atmosphere. 

For  our  mass  release  rates,  mean  concentration  measurements  are  typically  of  the  order  of  50 
mg/m^  at  the  samplers  located  nearest  the  smoke  generator  (about  50  m  downwind)  and  decay  with 
increasing  downwind  distances  and  off  the  plume  axis  to  about  0.01  mg/m^.  Fluctuating  concen¬ 
trations  may  vary  by  a  factor  of  10  from  these  mean  values.  It  can  be  difficult  to  make  an  apriori 
guess  of  concentration  at  a  given  instrument  location  before  a  test  because  of  the  fluctuating  wind 
direction. 

Instrument  response  times  needed  in  measurements  of  turbulent  fluctuations  depend  on  the 
smallest  scale  of  contaminant  dispersed  in  the  flow.  A  lower  limit  on  the  smallest  scales  which 
may  be  resolved  in  a  flow  can  be  estimated  using  Kolmogorov  microscales  for  the  dispersing 
contaminants,  but  this  sampling  speed  is  beyond  our  capability.  A  less  restrictive  criteria  is  to 
sample  at  a  speed  sufficient  to  resolve  the  inertial-convective  subrange  in  the  flow.  Since  turbulent 
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Concentration  (mg/m  ) 


Figure  5.18  Ratio  of  standard  deviation  to  variance  for  mean  HC  smoke 
concentrations  measured  by  multiple  filters  on  the  same  sampling 
mast. 
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Reynolds  numbers  in  the  atmosphere  can  be  huge,  with  a  correspondingly  large  inertial  subrange, 
this  is  a  much  less  restrictive  criteria  than  sampling  at  rates  determined  by  the  Kolmogorov  time 
scale.  To  meet  this  restriction,  we  sample  at  a  rate  much  faster  than  the  Lagrangian  integral  time 
scale  of  the  flow. 

5.5.1  Types  of  Real-Time  Measurement  Instruments 

Two  basic  types  of  instruments  are  available  for  measuring  real-time  aerosol  concentrations. 
These  are  collection  based  instruments  and  instruments  which  directly  measure  the  aerosol  in  place. 
With  tlie  first  type  of  instrument,  the  aerosol  is  collected,  then  some  determination  of  the  collected 
mass  is  made.  The  second  type  of  instrument  usually  relies  on  optical  properties  to  detect  the 
aerosol  particles,  and  some  correlation  to  relate  the  detected  quantity  to  mass. 

Collection  Based  Instruments 

In  the  first  class  of  instruments  we  have  the  |i-gage,  the  piezoelectric  microbalance,  and  the 
tapered  element  oscillating  microbalance.  Other  types  of  real-time  collection  measurements,  such 
as  an  incrementing  filter,  do  not  have  the  temporal  response  necessary  to  capture  the  turbulent 
fluctuitions  in  concentration  and  can  be  immediately  dismissed. 

The  p-gage  instrument  collects  an  aerosol  sample  on  an  impaction  film  or  filter.  Changes  in 
the  attenuation  of  P-radiation  through  the  collector  with  time  indicate  the  aerosol  mass  collected  on 
the  filter  or  film.  This  instrument  can  measure  concentrations  in  the  range  0.01  to  150  mg/m^. 
The  precision  and  accuracy  of  this  instrument  in  aerosol  mass  measurements  is  investigated  by 
Courtney  et  al.  (1982). 

The  piezoelectric  microbalance  collects  aerosol  using  an  electrostatic  precipitator  or  an 
impaction  jet  on  a  quartz  crystal  disc  oscillating  near  10  MHz.  The  change  in  resonant  frequency 
of  the  disc  is  directly  related  to  the  mass  collected  on  the  center  of  the  disc.  This  instrument  has  a 
relatively  narrow  linear  operating  range  (in  frequency)  and  the  quartz  cr>'stal  surface  must  be 
frequendy  cleaned  to  remove  collected  aerosol.  This  instrument  is  expensive,  which  makes  it 
unsuitable  for  multiple  point  measurements.  Concentrations  of  aerosol  in  the  range  0.01  to  10 
mg/m^  may  be  meas’  red  with  the  piezoelectric  microbalance.  Our  particle  size  measurements  were 
made  with  an  instrument  of  this  type  which  employed  10  sequential  collection  stages,  each  with  a 
piezoelectric  crystal  sensor  and  associated  support  circuitry. 

The  tapered-element  oscillating  microbalance  (TEOM)  is  similar  in  operating  principle  to  the 
quanz-crystal  microbalance  in  that  it  measures  the  change  in  resonant  frequency  of  a  mechanical 
element  as  the  mass  of  that  element  changes  with  an  increasing  load  of  collected  aerosol.  The 
design  of  this  patented  instrument  is  discussed  by  Patashnick  and  Rupprecht  (1986).  Operation  in 
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several  experiments  is  described  by  Wang  et  al.  '  980)  and  Ariesson  and  Wang  (1985).  With  this 
instrument  a  filter  element  is  mounted  at  the  en  .  of  a  high  strength  tapered  tube  (usually  glass) 
oscillating  at  a  frequency  of  several  hundred  Hertz  between  two  field  plates.  The  frequency  of 
oscillation  is  measured  by  an  opioelectric  device  and  used  in  a  fctdoack  loop  to  keep  the  tube 
vibrating  at  the  resonant  frequency.  Changes  in  the  mass  of  the  filter  element  are  detected  as 
changes  in  the  resonant  frequency  of  oscillation  of  the  tube.  The  linear  operating  range  of  this 
instrument  is  claimed  to  be  six  orders  of  magnitude,  from  micrograms  to  grams.  Improvements  in 
operation  of  this  instrument  over  the  piezoelectric  microbalance  are  many,  and  are  accompanied  by 
a  commensurate  increases  in  price. 

For  all  of  these  collection-type  instruments,  overloading  the  instrument  negates  future 
measurements  during  a  test.  They  also  require  cleaning  prior  to  future  use.  There  is  a  trade-off 
betwee  n  the  accuracy  in  the  mass  measurement  aid  the  sampling  rate.  At  present,  the  collection 
type  instruments  do  not  have  the  sensitivity  to  allow  reasonably  ^ast  measurements  of  concentration 
while  maintaining  a  wide  linear  operating  range.  Practical  sampling  times  range  from  10  s  to 
several  minutes.  The  TEOM  instrument  may  be  amendable  to  faster  measurements,  but  not  at 
multiple  locations  because  of  its  very  high  cost 

Direct  Reading  Aecosol  Measurements 

Direct  leading  instruments  measure  properties  of  the  aerosol  in  situ.  This  class  of  instru¬ 
ments  includes  the  aerosol  photometer,  which  we  used  in  our  measurements,  the  aerosol 
nephlometer,  transmissometers,  and  many  types  of  aerosol  particle  counters.  All  of  these  instal¬ 
ments  rely  on  the  scattering  or  extinction  properties  of  the  aerosol  to  infer  aerosol  properties.  In 
addition,  the  response  of  this  type  of  instrument  is  not  dependent  on  the  history  of  the  measure¬ 
ment  period  and  overloading,  if  it  occurs,  is  only  temporary. 

Single  aerosol  particle  detection  requires  very  low  particle  concentrations,  usually  using  laser 
illumination  and  a  photomultiplier  tube  or  photodiode  detection  for  measurement  of  pulses  of  scat¬ 
tered  light.  Response  functions  for  this  type  of  instrument  are  discussed  by  Cooke  and  Kerker 
(1975).  The  aerosol  used  in  our  expeiiments  is  much  too  concentrated  for  use  in  this  type  of 
instrument  without  dilution.  For  the  aerosol  photometer,  many  particles  are  within  the  illuminated 
viewing  volume  at  the  same  time,  and  the  total  intensity  of  scattered  light  is  measured  The  aerosol 
nephlometer  is  similar  to  the  aerosol  photometer,  but  the  name  is  usually  reserved  for  instmments 
which  measure  more  detailed  properties  of  the  scattered  light.  A  transmissometer  measures  the 
extinction  of  a  beam  of  light  over  a  long  path.  This  type  of  instrument  is  not  suitable  for  point 
measurements,  unless  the  illuminating  beam  is  folded,  but  this  usually  requires  delicate  and 
precisely  aligned  optical  components  which  are  not  suitable  for  our  testing  conditions. 
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The  instrument  most  suitable  for  our  measurements  is  the  aerosol  photometer,  which 
measures  the  light  scattered  from  particles  within  a  detection  volume.  This  measurement  can  be 
related  to  the  mass  concentration  of  aerosol  by  a  scattering  coefficient  which  is  a  function  of  the 
size  distribution  and  shape  of  the  particles,  the  index  of  refraction  of  the  particles,  the  incident 
light,  and  the  optical  geometry.  For  a  given  aerosol  composition,  the  scattering  coefficient  is  fairly 
constant  In  our  tests  a  filter  sampler  was  located  at  each  photometer  location  for  determining  the 
average  mass  concentration.  A  linear  calibration  for  our  photometer  instruments  is  found  by 
equating  the  average  mass  concentration  to  the  average  signal  voltage  measured  at  each  sampling 
location  for  each  test 

The  operating  range  of  the  aerosol  photometer  can  be  very  wide.  Heintzenburg  and  Backlin 
(1983)  describe  an  extremely  sensitive  instrument  capable  of  measuring  scattering  coefficients  as 
small  as  Osca  =  10'®  Gucker  et  al.  (1947)  describes  an  instrument  with  a  sensitivity  of  10'^ 
mg/m^  in  aerosol  measurement.  At  the  other  extreme  range  Holmburg  et  al.  (1982)  have  designed 
an  instrument  for  measurement  of  dense  aerosols  with  mass  concentrations  up  to  4  x  lO^  mg/m^. 

Commercial  aerosol  photometers  are  available  which  fit  many  of  our  criteria  but  to  better  meet 
cost  goals  we  designed  and  built  35  of  our  own  Instruments.  The  electronic  components  for 
detection  in  this  device  are  readily  available  and  do  not  present  a  problem  in  terms  of  frequency 
response  or  sensitivity.  With  attention  to  flow  th  ough  the  detector  volume  we  achieved  an  unbi¬ 
ased  frequency  response  to  1  Hz.  This  instrument  operates  with  aerosol  mass  concentrations  in  the 
range  of  0.1  to  200  mg/m^. 

5.5.2  Design,  Construction,  and  Refinement  of  an  Aerosol  Photometer 

The  instruments  we  have  used  in  measuring  the  concentration  fluctuations  in  a  smoke  plume 
are  intended  to  complement  the  mean  dosage  measurements.  The  light  scattering  method  of  detec¬ 
tion  used  in  these  instruments  is  only  a  relative  measurement  and  requires  calibration  against  a 
dosage  measurement  of  mean  concentration  for  each  use. 

Several  criteria  were  used  in  our  design  and  construction  of  the  aerosol  photometers.  Cost 
constraints  are  important,  since  detectors  were  required  at  multiple  locations.  Our  custom  design 
and  construction  of  these  instruments,  rather  than  purchasing  a  set  of  commercial  aerosol  photome¬ 
ters,  saved  about  80%  in  initial  costs.  The  design  is  also  necessarily  simple,  since  there  was  only  a 
five  month  lead  time  in  a  decision  to  schedule  the  1987  field  dispersion  tests.  The  set  of  instru¬ 
ments  had  to  be  fully  designed,  built,  and  their  response  characteristics  tested  within  this  five 
month  time  frame. 

The  data  recording  systems  available  for  our  use  in  logging  the  information  from  these  detec¬ 
tors  consists  of  a  p,MAC-4000  Measurement  and  Control  System  (Analog  Devices)  with  12  multi- 
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plexed  analog  inputs  sampled  at  30  Hz,  an  input  range  fixed  at  ±10  V,  and  a  13  bit  dual-slope 
analog  to  digital  converter.  The  |iMAC-4000  is  controlled  through  a  9600  baud  RS-232  serial  port 
by  a  Zenith  Z-181  Laptop  Computer  running  our  data  recording  and  display  software.  The  data 
were  sampled  at  1-s  intervals  and  stored  in  memory,  with  on-screen  graphics  of  the  real-time 
signals.  Up  to  110  minutes  of  continuous  data  can  be  recorded  with  this  arrangement.  For 
archival  purposes,  the  data  are  transferred  to  a  floppy  disk  after  a  test. 

Hardware 

A  schematic  of  the  aerosol  photometer  is  shown  in  Figure  5.19.  In  the  photometer,  a  1 10- V, 
2S-W  tungsten  lamp  is  directed  through  a  collimator  made  from  steel  electrical  conduit  and 
mounted  partially  within  a  2-in  (nominal)  diameter  PVC  pipe.  The  silicon  photodetector  is  located 
at  a  right  angle  to  the  illuminating  radiation,  out  of  direct  view  of  the  lamp.  The  intersection  of  the 
light  beam  and  the  detector  field  of  view  provides  a  1.5-cm  diameter  by  3-cm  long  viewing 
volume. 

Air  is  aspirated  through  the  pipe  by  a  20  cfm  squirrel  cage  blower  through  the  PVC  pipe  and 
the  viewing  volume.  The  air  inlet  and  exit  contain  serpentine  light  traps  to  protect  the  viewing 
volume  fiom  ambient  illumination.  The  interior  of  the  instrument  is  painted  flat  black  to  minimize 
interior  light  reflections.  The  exhaust  from  the  blower  is  directed  at  the  collimator  to  aid  in 
dissipating  heat  fiom  the  tungsten  bulb. 

No  lenses  were  used  in  this  detector  in  order  to  minimize  maintenance  during  field  test  use 
and  to  avoid  breakage  and  alignment  problems.  The  geometry  of  the  illumination  and  detector, 
although  not  optimized  to  collect  the  maximum  amount  of  scattered  light,  is  quite  sufficient  for  the 
detection  of  smoke  in  concentrations  found  in  our  field  experiments.  The  design  does  not  require  a 
precise  optical  orientation  of  the  components  to  be  maintained,  and  is  fairly  rugged,  which  is 
important  for  field  use. 

Photometer  Light  Scatterin£  Characteristics 

As  shown  in  Figure  5.20  the  spectra  of  light  from  an  incandescent  tungsten  filament  bulb  at 
2780K  has  the  emission  spectra  of  a  black  body.  The  response  curve  for  a  silicon  photodetector, 
which  indicates  the  efficiency  of  the  detector  in  converting  the  incident  power  to  a  signal  current  at 
a  given  wavelength,  is  also  shown  in  this  figure.  This  efficiency  is  a  characteristic  of  the  material, 
and  all  unfiltered  silicon  detectors  behave  similarly.  With  this  combination,  a  total  fraction  of 
17.5%  of  the  spectrum  of  energy  emitted  by  the  tungsten  bulb  is  detectable  with  the  silicon  detec¬ 
tor  Most  modem  detectors,  including  photodiodes,  phototransistors,  and  photodarlington  transis¬ 
tors,  maintain  a  linear  signal  current  to  incident  radiation  intensity  over  a  suitably  wide  range. 
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Figiire  5.19  Mechanical  diagram  of  the  aerosol  photometer.  A  cutaway  view  of  the 
illuminator  and  the  scattering  volume  is  shown.  The  instrument  is 
approximately  30  cm  in  height. 
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Figure  5.20  Normalized  unfiltered  spectral  response  of  a  silicon  photodetector  and  light  output  of  a 
tungsten  bulb.  Data  are  taken  from  the  Texas  Instruments  Optoelectronics  Data  Book, 
1978. 


The  broad  spectrum  of  the  light  and  the  distribution  of  aerosol  particle  sizes  causes  smearing 
of  the  peaks  and  valleys  in  single  particle  and  single  wavelength  Mie  scattering  diagrams.  We  may 
estimate  the  total  light  scattered  by  integrating  the  intensity  1(0  A,a)  over  the  particle  size  distribu¬ 


tion  and  the  light  spectra  by  using  Eq  5.17 
I  (0  )  _  f  fV^)N(a) 

^0^  lUo  ^0  N  8-^ 


i^(0.X,a)-H^(0,U)]dadX 


(5.17) 


where  N(a)  is  the  number  of  particles  in  the  scattering  volume,  N  is  the  total  number  of  particles, 
lo  is  the  total  irradiance,  and  R  is  the  distance  from  the  scattering  volume . 

In  this  equation,  we  use  the  tungsten  bulb  spectra  visible  to  the  silicon  photodetector,  and  a 
lognormal  particle  count  size  distribution  given  by 
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where  dp  is  the  particle  diameter,  dso  is  the  count  median  diameter,  and  Og  is  the  geometric  stan¬ 
dard  deviation.  Data  from  the  measured  particle  distribution  discussed  in  Section  5.2  are  used  in 
these  calculations. 

We  may  relate  the  information  provided  by  this  relation  to  the  mass  concentration  of  aerosol 
c,  rather  than  the  number  concentration  N,  using 


c  =  N-^  d_ 
6 


(5.19) 


where  d^  is  the  diameter  of  average  mass.  For  a  lognormal  distribution,  we  have 


(L.  =  dgQ  exp  1.5  (In  Og) 


(5.20) 


and  the  count  median  diameter  is  related  to  the  mass  median  diameter  through 


(5.21) 


For  fog-oil  smoke  with  m  =  1.55  and  p  =  0.90  g/cm^,  calculations  for  the  scattering  as  a 
function  of  angle  are  shown  in  Figure  5.21.  Here  we  have  taken  an  average  dmSO  and  Og  from  our 
field  measurements.  A  range  of  values  which  were  taken  from  the  scatter  in  our  field  measure¬ 
ments  of  dni50  is  also  shown.  This  range  gives  an  indication  of  the  sensitivity  of  the  detector  to  a 
changing  particle-size  distribution.  A  similar  figure  is  shown  using  parameters  of  the  HC  smoke 
particle  size.  For  this  we  use  m  =  1.7,  as  found  for  zinc  chloride.  The  geometric  standard  devia- 
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Figure  5.21  Light  scattering  for  fog-oil  smoke  and  HC  smoke  using  a  tungsten 
filament  bulb  with  a  silicon  detector.  The  vertical  axis  is  given  in  units 
of  cm^/mg,  where  the  mass  is  that  quantity  within  the  viewing  volume. 
Typical  values  of  the  refractive  index  are  used  along  with  measured 
values  of  the  particle  size  distribution  and  variances  about  that 
distribution. 
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tion  for  the  HC  aerosol  size  distribution  is  considerably  larger  than  that  for  the  fog-oil  smoke.  The 
silicon  detector  and  optical  geometry  we  have  used  integrates  the  light  scattered  between  20°  and 
160°.  In  this  range,  the  intensity  of  scattered  light  is  not  a  strong  function  of  the  mean  particle 
diameter. 

An  approximate  view  factor  for  the  illumination  of  the  detector  volume  can  be  simply  calcu¬ 
lated  because  of  the  lack  of  mirrors  or  lenses  in  the  detector  body.  With  a  uniform  spherical  irra¬ 
diation  from  the  tungsten  filament,  and  the  diameter  of  the  collimator  used,  we  find  the  fraction  of 
radiation  reaching  the  detector  is  0.0012,  which  translates  into  a  value  of  Iq  =  0.038  W/cm^  in  the 
viewing  volume  for  a  25- W  bulb.  This  value  may  be  used  in  the  plots  of  the  last  figure,  along  with 
a  view  volume  of  12  cm^,  to  estimate  the  intensity  of  light  scattered  by  a  given  mass  of  aerosol. 
For  a  1-mg/m^  aerosol  concentration  (of  either  HC  or  fog-oil  smoke),  the  scattered  light  incident 
on  the  detector  is  approximately  5  x  10'^  mW/cm^.  Variation  in  sensitivity  between  different 
photodetectors,  however,  prevents  an  accurate  estimate  of  signal  current  for  a  given  detector 
illumination. 

Electronics 

In  our  circuit  design  a  silicon  photodarlington  transistor  is  used  as  the  light  detector. 
Selection  of  the  photodarlington  transistor  is  a  tradeoff  of  linearity  and  sensitivity.  The  photodar¬ 
lington  transistor  has  a  linear  range  over  3  orders  of  magnitude,  which  is  greater  than  can  be 
sensed  with  our  fixed  range  13  bit  A/D  converter.  The  use  of  the  photodarlington  transistor  also 
eliminates  the  need  for  a  low-noise,  high-gain  amplifier  in  the  supporting  circuitry  as  compared 
with  PIN  photodiodes  or  photomultiplier  detectors. 

In  operation,  the  small  amount  of  stray  light  in  the  detector  field  of  view  is  sufficient  to  bias 
the  sensor  into  conduction.  Increasing  the  illumination  of  the  detector  causes  an  increase  in  the 
signal  current.  The  output  of  the  photodarlington  is  amplified  and  buffered  through  an  op-amp  and 
then  filtered  through  a  4-pole  Bessel  filter  with  a  cutoff  frequency  of  1  Hz.  A  reference  voltage  is 
provided  through  a  voltage  divider  and  an  op-amp  buffer.  The  differential  output  is  taken  between 
the  filter  output  and  the  reference  voltage.  The  power  and  signal  for  the  detector  electronics  are 
sent  through  a  shielded  four  wire  cable  for  each  detector  to  a  central  analog  to  digital  converter. 
Cabling  distances  up  to  300  m  away  from  the  A/D  converter  were  used  in  the  field  experiments, 
with  no  electrical  noise  problems.  A  schematic  for  the  electronics  is  given  in  Figure  5.22. 

Detector  Response 

The  frequency  response  of  the  electronics  was  measured  using  the  modulated  output  of  a 
sinewave  driven  light  emitting  diode  with  a  smalt  direct  current  bias.  The  amplitude  of  the  output 
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Figure  5.22  Detector  electronics  for  the  aerosol  photometer. 


was  measured  on  an  oscilloscope  as  a  function  of  the  driven  frequency.  A  plot  of  the  result  is 
shown  in  Figure  5.23.  In  this  plot,  the  frequency  rolloff  begins  at  1  Hz.  The  step  response  was 
measured  using  a  two-level  switched  output  from  a  light  emitting  diode  and  sensing  the  electronics 
output  on  an  oscilloscope.  This  response  is  shown  in  Figure  5.24.  Because  of  the  minimized 
phase  shift  with  the  Bessel  filter,  there  is  a  distinct  lack  of  ringing  in  the  response.  This  is  impor¬ 
tant  for  the  asymmetric  signals  sensed  with  a  photometer. 

The  mechanical  response  of  the  photodetector  is  modeled  as  a  simple  first  order  lowpass 
system,  with  the  internal  volume  of  the  detector  and  the  flow  rate  through  the  detector  controlling 
the  response  time.  The  time  constant  for  this  system  is  given  by  VjQ,  where  Vis  an  'effective' 
internal  volume  and  Q  is  the  volumetric  flow  rate.  The  response  to  a  step  increase  in  concentration 
sensed  through  this  detector  is 


=  1  -  exp 


_±_] 

WQ). 


(5.22) 


We  desire  a  value  of  the  mechanical  time  constant  close  to  that  found  for  the  detector  electron¬ 
ics.  A  flow  rate  of  120  liters/min  is  used.  In  Figure  5.24,  the  approximate  response  of  the  detec¬ 
tor  to  a  switched  supply  of  aerosol  smoke  is  shown.  This  is  slower  than  that  found  with  the  elec¬ 
tronics  response  alone,  but  it  is  still  reasonable  given  our  1-Hz  sampling  rate. 
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Figure  5.23  Frequency  response  for  the  aerosol  photometer  detection  electronics. 
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Figure  5.24  Temporal  response  for  the  aerosol  photometer.  Both  the  response  of  the 
detector  electronics  alone  and  the  response  to  a  step  increase  in  smoke 
concentration  is  shown. 
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6.  EXPERIMENTAL  RESULTS  AND  ANALYSIS 

This  chapter  is  concerned  with  the  reduction  of  concentration  data  from  the  dispersion  exper¬ 
iments.  This  includes  both  the  mean  concentration  data  and  the  fluctuating  concentrations  from 
four  primary  sets  of  experiments  at  two  dispersion  sites.  The  first  site  consists  of  moderately 
uniform  terrain  at  Camp  Atterbury,  Indiana,  for  which  dispersion  tests  were  undertaken  for  two 
different  source  types,  a  fog-oil  smoke  and  an  HC  chemical  smoke.  The  second  site  is  near  Red 
Bluff,  California  in  rough  terrain  for  which  the  experiments  are  divided  into  convective  daytime 
tests  and  stable  nighttime  tests,  both  of  which  used  the  fog-oil  smoke.  Errors  in  the  model-data 
comparison  are  examined  in  Chapter  7. 

6.1  Camp  Atterbury  Fog-oil  Smoke  Data  Analysis 

The  fog-oil  data  from  Camp  Atterbury  consist  of  four  experiments.  For  three  of  the  four 
trials  the  dosage  measurement  set  is  sufficiently  complete  for  a  detailed  examination  of  the  data.  A 
diagram  of  the  grid  on  which  the  samples  were  taken  is  given  in  Figure  6. 1 .  Vectors  for  the  mean 
wind  direction  are  also  shown  in  this  figure.  Values  of  the  concentrations  from  dosage  measure¬ 
ments  and  standard  deviations  in  concentrations  from  the  calibrated  photometer  measurements, 
both  of  which  are  given  in  units  of  mg/m^,  are  shown  in  Figure  6.2.  The  profiles  of  concentration 
in  these  plots  are  shown  looking  from  the  source  downwind,  with  peaks  in  concentration  corre¬ 
sponding  to  a  line  through  the  source  which  is  parallel  to  the  average  wind  direction.  Tests 
1 103871,  1 104872,  and  1 106871  are  the  best  of  this  set,  and  capture  most  of  the  crosswind  profile 
at  each  transect.  The  wind  on  Test  1 104871  carried  most  of  the  plume  off  the  grid.  Convective 
meteorological  conditions  existed  for  all  of  these  tests. 

Several  important  points  can  be  made  from  the  graphs  in  Figure  6.2.  First,  the  decay  with 
distance  of  the  mean  concentrations  is  very  rapid.  The  measured  concentrations  at  different  heights 
at  the  same  location  agrees  well  at  the  closer  distances,  but  the  scatter  is  greater  at  further  distances. 
No  trend  is  evident  in  this  scatter,  but  it  is  likely  due  to  the  decreased  accuracy  of  the  analysis 
method  at  lower  concentrations.  Finally,  the  standard  deviation  in  concentration  which  is  plotted  in 
these  graphs  is  always  greater  than  the  magnitude  of  measured  concentration  at  the  same  2-m 
height. 

6.1.1  Mean  Concentration  Data 

It  is  useful  to  separate  behavior  in  the  concentration  field  into  downwind  x  and  crosswind  y 
directions.  In  our  tests,  the  wind  is  not  normal  to  the  plume  trajectory.  A  method  is  described  in 
the  next  section  which  assumes  a  Gaussian  profile  in  the  crosswind  direction  and  allows  correc- 
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Figure  6.1  Sampler  and  so^^ce  locations  for  the  fog-oil  smoke  dispersion 
tests  at  Camp  Attcrbury.  The  wind  vectors  indicated  in  the 
figure  are  averages  over  the  test  duration  at  the  source  location. 
The  transects  in  the  figure  are  labeled  1  to  5.  The  masts  in  each 
of  these  lines  are  numbered,  from  northwest  to  southeast, 
beginning  with  one  in  each  transect. 
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Figure  6.2  Profiles  of  fog-oil  concentration  measured  along  the  sampling  transects  in 
the  Atterbury  dispersion  tests.  These  plots  are  for  Test  1 103871,  and  the 
crosswiiid  view  in  these  graphs  is  looking  downwind  from  the  source.  In 
addition  to  the  mean  concentrations,  the  standard  deviation  in 
concentration  from  the  aerosol  photometers  is  also  shown  in  these  plots. 
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Figure  6.2  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  Atterbury  dispersion  tests.  These  plots  are  for  Test 
1103871,  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.2  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  Atterbury  Dispersion  tests.  These  plots  are  for  Test 
1 104871,  and  the  crosswind  view  in  these  graphs  is  looking  downwind  from 
the  source.  In  addition  to  the  mean  concentrations,  the  standard  deviation  in 
concentration  from  the  aerosol  photometers  is  also  shown  in  these  plots. 
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Figure  6.2  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  Atterbury  dispersion  tests.  These  plots  are  for  Test  1 104871, 
and  the  crosswind  view  in  these  graphs  is  looking  downwind  from  the 
source.  In  addition  to  the  mean  concentrations,  the  standard  deviation  in 
concentration  from  the  aerosol  photometers  is  also  shown  in  these  plots. 
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Figure  6.2  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  Atterbury  dispersion  tests.  These  plots  are  for  Test  1 104872, 
and  the  crosswind  view  in  these  graphs  is  looking  downwind  from  the 
source.  In  addition  to  the  mean  concentrations,  the  standard  deviation  in 
concentration  from  the  aerosol  photometers  is  also  shown  in  these  plots. 
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Figure  6.2  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  Atterbury  dispersion  tests.  These  plots  are  for  Test 
1104872,  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.2  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  Atterbury  dispersion  tests.  These  plots  are  for  Test 
1106871,  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.2  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  Atterbury  dispersion  tests.  These  plots  are  for  Test 
1106871,  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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tions  to  the  data  for  the  trajectory  error.  Model  comparisons  are  made  for  several  aspects  of  the 
data  as  a  function  of  downwind  distance  from  the  source  including  the  plume  width  and  the 
crosswind  integrated  ground-level  concentration.  The  Gaussian  profile  assumption  is  also 
compared  with  the  corrected  data. 

Separation  of  Mean  Plume  Behavior 


We  need  to  examine  the  dispersion  of  the  smoke  plume  in  the  downwind  and  crosswind 
direction.  An  ideal  test  would  be  one  in  which  the  mean  wind  direction  is  perfectly  normal  to  the 
transect  lines.  For  small  errors  in  this  angle,  the  difference  is  usually  ignored  in  determining  the 
plume  spread  and  the  crosswind-integrated  concentration.  Because  we  are  interested  in  examining 
the  behavior  in  greater  detail,  corrections  to  the  data  are  applied.  A  suitable  starting  point  is 
provided  by  a  Gaussian  plume  model  for  a  ground-level  source  and  ground-level  samplers. 

For  a  fixed  downwind  distance  x,  the  crosswind  profile  of  the  concentration  should  follow  a 
Gaussian  distribution  because  of  the  homogeneous  nature  of  the  turbulence  in  the  horizontal  plane. 
Data  presented  as  [c(x,y,0)/c(x,0,0)]  versus  [y/Oy]  should  conform  to  a  Gaussian  profile  given  by 


c(x,  y,  0) 
c  (x,  0,  0) 


exp 


(6.1) 


if  the  model  is  valid  in  the  crosswind  plane.  The  parameters  Oy  and  c(x,0,0)  in  the  model  can  be 
fitted  by  a  number  of  empirical  functions. 

In  the  field  experiments  we  have  conducted,  data  were  taken  on  a  rectangular  grid  of  cross- 
wind  transects.  In  all  of  these  tests,  the  wind  blew  normal  to  the  transects  within  about  15°  ~  20°. 
Sampler  points  were  all  at  different  downwind  distances  x  and  crosswind  distances  y.  This  prob¬ 
lem  was  overcome  by  fitting  sets  of  measurements  from  each  transect  to  a  Gaussian  model  of  the 
form 

c  (x,y,0)  =  — r-3 - exp 

n  u,  Oy 

and  using  Oy  =  x  to  relate  lateral  plume  spread  to  a  constant  value  and  Oz  =  ®  x  to  relate  verti¬ 
cal  plume  spread  to  another  constant  value  More  generally,  each  of  these  parameters  is  a 
changing  function  of  x  which  is  proponional  to  x  at  closer  distances  (at  which  our  measurements 
are  made)  and  x*^  at  farther  distances.  No  advantage  was  found  in  using  more  complicated  rela¬ 
tions  for  Oy  and  Oz,  however,  mainly  because  of  the  relatively  small  range  of  downwind  distances 
X  needed  for  each  transect  fit.  The  constants  j?  and  ®  were  found  in  a  linear  least  squares  fit  of  the 
data  set  of  (x,y)  and  c(x,y)  for  a  given  transect  using 


2o? 


(6.2) 


264 


c(x,y,0)  =  Az  exp 


«x'‘ 


(6.3) 


Four  complete  transeas  were  used  per  test  With  this  curve  fit,  a  lateral  length  scale  Oy  and  a 
centerline  concentration  c(x,0,0)  can  be  found  for  each  data  point  c(x,y,0),  but  only  one  indepen¬ 
dent  data  pair  is  found  per  transect.  The  crosswind  integrated  concentration  for  a  Gaussian  profile 
is  related  to  centerline  concentrations  through 


oe 

y(x)  =  J  c(x,y)dy  =  /2a  Oy  c(x,0) 


(6.4) 


where  x  is  the  downwind  direction,  y  is  the  crosswind  axis,  and  Gy  is  the  standard  deviation  of  the 
plume  spread. 

We  can  use  the  vzdues  of  Gy(x)  and  Cy(x)  to  investigate  the  behavior  of  the  plume  growth 
using  several  types  of  models  and  suitable  scaling  of  the  data.  For  investigating  the  surface-level 
plume  width  we  use 


1 

II 

from  Gryning  et  al.  (1987),  which  is  a  slight  modification  of  a  very  similar  form  given  by  Draxler 
(1976).  This  equation  has  the  proper  asymptotic  limits  needed  by  Taylor’s  theory  for  dispersion  in 
homogeneous  turbulence,  where  Oy  ~  t  near  the  source  and  Oy  ~  t^^  at  travel  times  much  greater 

than  the  Lagrangian  integral  scale  tL.y.  In  this  equation  t  =  xAIx  is  the  travel  time,  and  we  have 
elected  to  use  tL,y  =  300  s  from  Gryning.  The  variance  of  velocity  in  the  horizontal  plane  Gv  is 
taken  as  the  average  of  the  values  measured  at  all  heights  on  the  10-m  meteorological  tower.  This 
equation  and  the  calculated  data  are  shown  in  Figure  6.3.  Agreement  between  the  model  and  the 
data  is  good.  Moreover,  we  see  that  plume  growth  is  propx>rtional  to  travel  time.  The  asymptotic 
growth  proportional  to  is  not  evident  from  these  data. 

Both  axes  of  Figure  6.3  are  in  units  of  seconds.  To  make  this  graph  dimensionless,  we  need 
a  suitable  time  scale.  TTie  most  logical  choice  is  perhaps  tL,y.  However,  this  scaling  is  not  very 
sensitive  to  the  actual  value  of  the  Lagrangian  integral  scale,  because  we  have  t «  tL,y. 

In  looking  at  concentrations,  the  effect  of  ground-level  deposition  and  evaporation  for  the 
fog-oil  smoke  aerosol  are  predicted  to  be  negligible  for  the  distances  of  interest,  so  we  may  use 
conservative  models  to  predict  the  concentration.  For  the  crosswind  integrated  concentration,  we 
plot  the  data  in  terms  of  CyUx/q  versus  the  travel  time  t  =  x/u 
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Figure  6.3  Estimated  plume  widths  for  the  fog-oil  dispersion  tests  at  Camp 
Atterbury  as  compared  with  an  adaptation  from  Gryning  et  al  (1987) 
of  a  model  given  by  Draxler  (1976). 


Two  different  approaches  are  appropriate  for  modeling  the  decay  of  ground-level  concentra¬ 
tion  with  distance.  The  first  comes  from  the  Gaussian  plume  model 


CyUx  _  /T 
q  V  7C  a^t 


(6.6) 


The  value  of  the  standard  deviation  in  vertical  wind  direction  Ow,  is  taken  as  an  average  over  the 
10-m  meteorological  tower  and  is  similar  for  all  three  tests.  The  Lagrangian  integral  scale  tL,z  is 
estimated  as  300  s  from  Gryning  (1987).  This  Gaussian  plume  model  is  most  applicable  to 
dispersion  in  near  neutral  conditions.  The  second  approach  uses  mixed-layer  scaling  from 
Nieuwstadt  (1980b),  where  the  dimensionless  scaling  is 

,3/2 


q 


=  0.9^. 


1 

W.t 


(6.7) 


This  scaling  is  applicable  in  convective  conditions.  The  values  of  w*  and  Zj  can  be  estimated 
from  meteorological  data  analysis.  These  two  model  predictions,  which  have  differing  trends  with 
travel  time,  along  with  our  data  are  shown  in  Figure  6.4.  Closer  to  the  source,  the  Gaussian  plume 
model  predictions  show  better  agreement  with  the  data,  whereas  the  mixed-layer  scaling  more 
accurately  predicts  the  data  at  longer  travel  times.  This  changing  nature  of  the  dispersion  occurs 
because  the  plume  moves  from  the  surface-layer  to  the  mixed-layer  as  it  expands  with  distance 
from  the  source.  Overall  agreement  is  better  for  the  mixed-layer  model.  We  used  the  dimensional 
scaling  in  Figure  6.4  in  order  to  illustrate  both  types  of  models  cm  die  same  axes. 

Pimcnsionkss-ScaLins 


In  examining  the  effects  differing  meteorological  conditions,  nondimensionalization  of  the 
crosswind  integrated  concentration  is  a  useful  practice  for  collapsing  the  measured  data.  Surface- 
layer  scaling  is  appropriate,  as  shown  by  Pasquill  and  Smith  (1983)  for  dispersion  data  taken  in 
neutral  atmospheric  conditions.  The  fog-oil  tests  at  Camp  Atterbury  were  taken  in  thermally 
unstable  conditions  and  mixed-layer  scaling,  rather  than  surface-layer  scaling,  may  be  more 
appropriate.  A  suitable  nondimensionalization  of  the  concentration  data  is  provided  by  Deardorff 
and  Willis  (1975),  using  Cy(x)UxZi/q  where  Zi  is  the  inversion  height,  u*  is  the  mean  velocity,  q  is 
the  source  strength,  and  Cy(x)  is  the  cross  wind  integrated  ground-level  concentration.  The 
downwind  distance  x  is  scaled  as  (w,x)/(uxZi). 

A  plot  of  our  data  using  mixed-layer  scaling  is  given  in  Figure  6.5.  Data  from  twenty 
convective  cases  of  the  Prairie  Grass  dispersion  studies  conducted  in  1958  are  shown  in  this  plot 
along  with  a  empirical  fit  to  the  Prairie  Grass  data  given  by  Nieuwstadt  (1980b) 
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Figure  6.4  Cross  wind  integrated  concentrations  versus  travel  time  for  the  fog-oil 
tests  at  Camp  Atterbuiy.  The  data  are  compared  with  a  Gaussian  curve 
from  Gryning  et  al.  (1987)  and  a  mixed-layer  model  from  Niewstadt 
(1980). 


268 


Figure  6.5  Mixed-layer  scaling  for  the  cross  wind  integrated  ground  level 
concentrations  measured  in  the  Camp  Atterbury  fog-oil  dispersion  tests. 
The  Prairie  Grass  data  and  emperic^  relation  are  given  by  Nieuwstadt 
(1980b). 
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The  velocity  u*  for  the  Prairie  Grass  data  is  at  an  8-m  elevation  in  this  plot  for  the  Prairie  Grass 
data  and  as  the  mean  value  for  the  10-m  meteorological  tower  in  our  own  data.  Tlie  agreement 
between  our  data  and  the  fit  is  comparable  with  that  obtained  by  Nieuwstadt  using  the  original 
Prairie  Grass  data  set.  A  plot  of  the  dimensionless  plume  width  Oy/zi  is  shown  in  Figure  6.6. 
This  figiure  again  shows  good  agreement  with  the  analysis  of  Nieuwstadt. 


IftIKKiVilllM 


Nondimensional  profiles  of  the  crosswind  concentrations  may  be  useful.  Such  a  plot  is 
shown  in  Figure  6.7  with  an  overlayed  Gaussian  profile  given  by 

f  2 

c(x,y)  -  y  , , 

=  exp  0  (6.9) 

c(x,0)  2c^  j 

On  average,  this  profile  is  seen  to  be  a  reasonable  approximation  to  the  experimental  data,  although 
considerable  scatter  in  individual  data  points  is  evident.  The  skewness  or  kurtosis  of  the  spatial 
crosswind  profile  reveal  little  because  only  five  or  six  data  points  are  available  for  each  sampling 
transect. 


6.1.2  Standard  Deviation  in  Concentration 


A  nondimensionalization  of  the  standard  deviation  in  concentration  data  is  possible  (see 
Csanady,  1973)  beginning  with 


qc(x-y) 

c(x,0) 


(6.10) 


where  a  is  a  function  of  the  ratio  of  the  source  size  to  the  Lagrangian  integral  scale  5/4.,  which  is 
expected  to  be  small.  The  plume  width  Oy  is  the  same  value  aS  found  in  the  mear.  dispersion 
results.  Our  data  are  shown  in  Figure  6.8  using  scaling  parameters  from  the  above  equation. 
Here,  we  see  that  ac(x,0)/c(x,0)  is  not  a  function  of  x,  so  a  constant  value  of  a  is  suitable.  The 
above  equation,  with  a  =  2  is  also  shown  in  Figure  6.8.  This  form  compares  well  'vith  the  data. 
More  extensive  experimental  data  for  a  wider  range  of  5/4.  values  may  reveal  a  variuule  form  for  a 
depending  on  downwind  distance,  source  size,  and  atmospheric  conditions. 

A  scaling  of  the  data  using  a  combination  of  Equations  6.9  and  6.10  is  given  by 
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Figure  6.7  Normalized  crosswind  profile  of  mean  concentrations  for  the  Camp 
Atterbury  fog-oil  dispersion  tests.  These  data  are  compared  with  the 
Gaussian  profile.  Transects  correspond,  respectively,  to  downwind  distances 
of  50,  100,  250,  and  450  m. 
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Figure  6.8  Crosswind  profile  of  thestandard  deviation  of  concentration  for  the  Camp 
Atterbury  fog-oil  dispersion  tests.  The  standard  deviations  are  normalized 
by  the  centerline  mean  concentration,  and  these  data  are  compared  with  the 
square  root  of  the  Gaussian  profile.  Transects  1,  2,  3,  and  4  correspond, 
respectively,  to  downwind  distances  of  50,  100,  250,  and  450  m. 
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(6.11) 


gc(x,y) 

c(x,y) 


=  aexp 


so  that  the  fluctuation  intensity,  or  ratio  of  standard  deviation  to  mean  concentration,  is  now  a  local 
value.  The  data  are  given  in  Figure  6.9  using  this  scaling  and  show  very  high  concentration  fluc¬ 
tuation  intensity  Oc/c  throughout  the  plume,  but  especially  near  the  plume  edge,  where  the  ratio  is 
greater  than  10. 

Between  different  flow  geometries  in  dispersion  from  a  single  source,  the  value  of  a  may 
vary  considerably.  This  may  be  related  to  the  ratio  of  the  source  size  to  the  characteristic  eddy  size 
in  a  turbulent  flow  (measured  by  the  integral  scale).  In  a  given  flow  a  smaller  finite-sized  source 
will  have  greater  fluctuations  of  concentration  downstream  and  will  fit  a  larger  value  of  a.  For  a  < 
1  the  source  size  would  be  larger  than  the  turbulent  integral  scale,  and  the  Gaussian  solution  to  the 
concentration  variance  equation  may  not  be  valid.  Instead  the  peak  fluctuations  will  be  seen  in  the 
region  of  the  highest  concentration  gradient  and  not  at  the  centerline.  This  flow  regime  is  examined 
by  Csanady  (1973).  It  is  common  in  jets  and  wakes  where  the  extent  of  the  turbulence  is  limited  to 
the  width  of  the  jet  or  wake  itself. 


6.1.3  The  Concentration  Probability  Distribution 


The  record  of  concentration  at  a  point  may  be  described  by  the  mean  and  the  variance.  A 
more  complete  description  is  given  by  the  cumulative  probability  distribution  where  P(c^)  is  the 
probability  that  c  <  c^.  A  suitable  form  of  this  distribution  for  atmospheric  dispersion  from  a  point 
source  is  given  by 


P(c)  =1-1  exp 


(6.12) 


where  I  is  the  intermittency,  or  the  fraction  of  time  that  smoke  is  present  at  a  given  sampler,  and  c 
is  the  mean  concentration.  This  distribution  is  analytically  developed  in  Section  3.5.2.  Both  c  and 
I  are  functions  of  position.  This  relation  is  shown  in  Figure  6.10  for  the  histograms  calculated 
from  each  test  using  an  equivalent  form  of  the  distribution  given  by 


In 


(6.13) 


This  distribution  shows  very  good  agreement  with  the  exponential  form  of  the  concentration  prob¬ 
ability  density  function.  The  greatest  deviation  from  this  predicted  distribution  occurs  at  the 
extreme  limits  of  the  measured  data.  The  scatter  at  c/c  =  0  is  due  to  the  baseline  noise  of  the 
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Figure  6.9  Crosswind  profile  of  concentration  fluctuation  intensity  for  the  fog-oil 
tests  at  Camp  Atterbury.  These  data  are  compared  with  the  Gaussian 
profile.  Transects  I,  2,  3,  and  4  correspond,  respectively,  to  downwind 
distances  of  50,  100,  250,  and  450  m. 
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Figure  6.10  A  comparison  of  the  histograms  in  concentration  with  the  exponential 
distribution  for  Test  1 103871.  The  mast  numbers  refer  to  the  location  along 
a  given  transect. 
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Figure  6.10  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution  for  Test  1104871.  The  mast  numbers  refer  to  the 
location  along  a  given  transect. 
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Figure  6.10  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution  for  Test  1 104872.  The  mast  numbers  refer  to  the 
location  along  a  given  transect. 
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Figure  6.10  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution  for  Test  1 106871.  The  mast  numbers  refer  to  the 
location  along  a  given  transect. 


instrument  and  reflects  the  inaccuracy  in  determining  the  intermittency  of  the  signal.  Clipping  of 
the  signal  produces  the  hard  upper  limit  (vertical  line  segments)  seen  on  some  of  the  data  plots. 
This  artifact  of  the  sampling  occurs  at  different  points  for  each  sampler  because  of  the  wide  range 
in  average  c  values  for  the  entire  data  set 


Because  this  probability  distribution  is  characterized  by  only  two  parameters,  I  and  c, 
knowledge  of  any  two  parameters,  such  as  the  mean  and  the  standard  deviation  of  concentration  at 
a  point,  is  sufficient  for  calculating  other  single-point  statistical  quantities  of  interest.  The  ratio  of 
standard  deviation  to  mean  concentration  for  this  distribution  is  given  by 

,1/2 

(6.14) 


f  2  1 

[tJ 

-  1 

Combined  with  the  crosswind  profile  of  Oc/c,  this  yields  an  expression  for  the  intermittency  of 


•* 

(  2 

— 

I  =  2 

2  2 
a  exp^ 

y 

+  1 

(6.15) 


This  expression,  along  with  the  measured  experimental  data  is  shown  in  Figure  6.1 1.  The  average 
trend  of  the  data  is  followed  by  the  analytical  expression  with  a  =  2  as  used  in  the  earlier  plots. 
There  is  considerable  scatter  of  the  data  about  this  predicted  line  which  increases  for  larger  values 
of  ly/Oyl. 

In  comparison  with  the  exponential  distribution,  which  has  been  shown  to  agree  with  our 
data,  a  lognormal  distribution  is  often  used  to  plot  histograms  of  concentration  occurrence,  espe¬ 
cially  in  urban  environments.  This  lognormal  distribution  disallows  zero  levels  of  concentration. 
It  does  not  fit  probability  distributions  of  measured  concentration  in  dispersion  from  a  single  iso¬ 
lated  source. 


6.1.4  Spatial  Correlations  of  the  Instantaneous  Concentration  Measurements 


The  behavior  of  the  instantaneous  smoke  plume  may  be  investigated  using  two  point  spatial 
correlations  at  a  single  instant  in  time.  For  this  we  may  use  the  correlation  coefficient  between  the 
points  1  and  2,  given  by 


[c(Xj,y,)  -c(Xj,yj)  ]  [c(x2,y2)  -c(x2,y2)  ] 
ac(Xj,yj)Oc(x2,y2) 


(6.16) 
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Figure  6. 1 1  Crosswind  plume  intermittency  for  the  Camp  Atterbury  fog-oil 
dispersion  tests.  The  analytical  solution  uses  a  value  of  a  =  2  in  the 
expression  shown. 
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which  varies  from  -1  to  1.  Ordinarily,  we  would  have  insufficient  data  to  specify  this  relation. 
Since  the  crosswind  scaling  exists  for  time-average  mean  concentrations,  it  appears  possible  to 
replace  the  sampler  positions  (xi,yi)  and  (X2,y2)  with  the  time-averaged  scaling  of  (Oy/y)i  and 
(<^y/y)2  to  find  the  crosswind  behavior  of  the  instantaneous  plume.  This  reduction  in  the  number  of 
independent  variables  permits  the  data  to  be  represented  in  the  form  shown  in  Figure  6. 12.  In  this 
plot,  symmetry  along  the  mean  plume  axis  is  used  to  reflect  positive  and  negative  values  of  y/ay, 
thus  increasing  the  accuracy  of  the  isopleths. 

We  may  define  other  parameters  in  addition  to  pi2  for  investigating  the  spatial  plume  Suuc- 
ture.  One  of  these  is  the  joint  intermittency,  or  fraction  of  time  that  smoke  is  simultaneously 
present  at  both  samplers  during  the  test  duration.  A  plot  of  this  function  is  shown  in  Figure  6.13. 
The  contribution  of  zero  values  is  seen  to  be  significant.  Along  the  line  (ay/y)i  =  (Oy/y)2,  the 
values  of  the  joint  intermittency  are  equal  to  the  intermittency  values  found  in  the  single-point  anal¬ 
ysis. 

By  working  with  cl^(aciac2)  which  is  a  stracture  function,  rather  than  the  correlation  coef¬ 
ficient  given  in  Eq.  6.16,  we  may  further  investigate  the  plume  behavior.  This  function  is  shown 
in  Figure  6,14.  Since  we  have  already  determined  that  our  measured  values  of  Oc/c  are  greater 
than  1,  the  structure  function  ci^(aci  Oc2)  will  only  vary  from  0  to  less  than  2. 

We  may  use  Figure  6.14  in  a  linear  mean-square  estimate  of  the  root-mean-square  plume 
width  about  a  moving  center  of  mass.  For  a  scalar,  this  may  be  written  as 

c(x)  (  c(x-Hr)  I  c(x) )  =  (  c(x)  c(x+r) )  (6. 17) 

from  Adrian  (1983a),  where  the  brackets  indicate  an  ensemble  average  and  the  vertical  bar  indicates 
a  conditional  average.  We  use  x  =  xi  =  (y/Oy)i  as  an  absolute  position  and  r  =  xi  -  X2  as  a  relative 
cloud  width.  In  addition  to  Eq.  6.17  we  constrain  c(x)  to  be  a  spatial  peak  concentration  along  the 
transect.  The  yields  the  relative  profile  shown  in  Figure  6.15  for  several  values  of  x. 

The  relative  width  of  the  plume  using  this  method  is  Or.y  =  0.22Oy  which  is  the  same  value 
analytically  by  Smith  and  Hay  (1961)  and  experimentally  by  Michelson  (1983).  For  values  of  x 
larger  than  those  represented  in  Figure  6.15,  there  is  an  increased  enxjr  in  determining  the  relative 
plume  width  due  to  the  smaller  quantity  of  sampled  data  farther  from  the  axis  of  the  me^n  plume. 

6.1.5  Autocorrelations  and  Spectra  of  the  Concentration  Records 

The  small-scale  fluctuations  of  scalar  concentration  spectra  in  atmospheric  dispersion 
typically  show  a  -5/3  Kolmogorov  power-law  dependence  in  the  inertial-convective  subrange  (see 
Tennekes  and  Lumley,  1972  for  example).  The  similarity  behavior  of  scalar  variance  is  discussed 
by  several  authors,  including  Corrsin  (1951),  Batchelor  (1959),  and  Gibson  and  Schwarz  (1963). 
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Figure  6.12  Cross  correlation  coefficients  for  the  data  taken  in  the  Camp  Atterbury 
field  dispersion  experiments.  The  data  for  all  the  transects  were  used  in 
the  above  contour  plot  and  were  reflected  about  the  centerline  axis  in 
order  to  provide  a  better  fit. 
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FigxuTe6.13  Joint  intermittency  for  the  data  taken  in  the  Camp  Atterbury  field 
dispersion  experiments.  The  data  for  all  the  transects  were  used  in  the 
above  contour  plot  and  were  reflected  about  the  centerline  axis  in  order  to 
provide  a  better  fit.  Note  that  the  line  ihrough  (0,0)  with  a  slojje  of  1 
yeilds  the  single  point  intermittency  curve. 
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Figure  6.14  Structure  function  for  the  concentration  data  taken  in  the  Camp 
Atterbury  field  dispersion  experiments.  The  data  for  all  the  transects 
were  used  in  the  above  contour  plot  and  were  reflected  about  the 
centerline  axis  in  order  to  provide  a  better  fit. 
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Figure  6.15  The  root  mean  square  plume  width  about  its  relative  centerline. 

Comparison  is  made  with  the  prediction  of  Smith  and  Hay  (1961)  at  the 
mean  plume  centerline  and  at  ±  1  yfo  from  the  mean  plume  centerline. 
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Spectra  of  the  data  from  the  individual  aerosol  photometers  are  shown  in  Figure  6. 16.  The  data  for 
this  figure  are  computed  by  first  performing  a  fast  Fourier  transform  on  the  individual  data  records 
using  a  1024  point  transform  with  a  512  point  70  Gaussian  window.  As  is  standard  with  spectra 
calculations,  the  data  are  overlapped  by  half  the  transform  width  to  reduce  the  random  error,  and 
then  the  results  are  bandpass  averaged  to  reduce  the  bias  error.  The  spectra  data  are  then 
nomialized  by  the  calculated  variance  for  each  data  record.  This  figure  demonstrates  the  power- 
law  scaling  in  the  inertial-convective  subrange  for  all  the  Atterbury  fog-oil  tests.  For  this  figure, 
the  range  is  given  by  a  -2/3  slope  for  nScc(n),  rather  than  a  -5/3  slope  for  Scc(n). 

Because  the  spectra  from  all  of  the  samplers  within  a  given  test  are  reasonably  similar  in 
shape,  we  may  ensemble-average  the  spectra  for  the  set  of  concentration  records.  This  result  is 
shown  in  Figure  6.17  for  frequency  versus  Scc/a|,  where  the  inertial-convective  subrange  behav¬ 
ior  follows  a  -5/3  slope.  Much  of  the  noise  in  the  spectra  from  individual  samplers  is  removed  by 
the  ensemble  averaging  process.  The  -5/3  region  of  this  spectra  is  matched  by  the  velocity  spectra 
in  the  mean-wind  direction.  Fully  isotropic  inertial  subrange  behavior,  as  found  by  examining  all 
components  of  the  velocity  spectra,  occurs  at  higher  frequencies  than  our  meteorological  instru¬ 
mentation  was  capable  of  resolving. 

Lower  frequency  fluctuations  in  the  concentration  spectra  may  be  quantified  using  an  integral 
time  scale.  We  have  several  different  methods  of  estimating  this  quantity,  all  of  which  are  subject 
to  random  error  because  of  the  limited  durations  for  our  dispersion  tests.  Among  these  methods, 
we  have  estimates  from  the  correlation  function  using  the  integration  over  the  lag  time 


or,  assuming  an  exponential  form  of  Rcc('*^c).  the  time  where  RccC'^c)  =  exp  (-1).  This  correlation 
function  may  come  from  direct  calculations  or  Fourier  inversion  of  the  spectra  for  each  sampler  as 
previously  shown  in  Figure  6.16.  For  an  exponential  correlation,  we  may  also  find  an  approxi¬ 
mate  value  of  the  integral  scale  using 


'tc  = 


1 


(6.19) 


where  n^ax  is  the  peak  of  the  frequency- weighted  power  spectrum  nScc(n).  Among  these  various 
methods,  the  standard  deviation  in  estimates  of  Xc  can  be  of  the  same  magnitude  as  Xc  for  a  given 
data  record.  The  difficulty  in  determining  Xc  is  revealed  by  visually  estimating  the  peak  values  in 
the  individual  spectra  of  Figure  6.16. 

Calculated  values  of  the  integral  scale  are  in  the  range  of  10  s  to  60  s.  These  values  are  not  a 
strong  function  of  downwind  distance  within  a  given  test,  and  are  10%  greater  on  the  mean  plume 
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Figure  6.16  Spectra  of  the  concentration  variance  for  all  samplers  in  Test  1 103871  in  which 
the  mean  signal  was  greater  than  5  times  the  background  noise  of  the 
instrument.  The  spectra  are  normalized  by  the  calculated  variance  for  each  data 
record. 
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Figure  6.16  (continued)  Spectra  of  the  concentration  variance  for  all  samplers  in  Test 
1104871  in  which  the  mean  signal  was  greater  than  5  times  the  background 
noise  of  the  instrument.  The  spectra  are  normalized  by  the  calculated  variance 
for  each  data  record. 
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Figure  6.16  (continued)  Spectra  of  the  concentration  variance  for  all  samplers  in  Test 
1 104872  in  which  the  mean  signal  was  greater  than  5  times  the  background 
noise  of  the  instrument.  The  spectra  are  normalized  by  the  calculated  variance 
for  each  data  record. 
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Figme  6.16  (continued)  Spectra  of  the  concentration  variance  for  all  samplers  in  Test 
1106871  in  which  the  mean  signal  was  greater  than  5  times  the 
background  noise  of  the  instrument.  The  spectra  are  normalized  by  the 
calculated  variance  for  each  data  record. 
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centerline  than  near  the  plume  edge.  Noise  in  these  values  prevents  an  accurate  estimate  of  spatial 
trends.  For  the  fog-oil  tests  we  have  average  values  as  given  in  Table  6.1.  Trends  in  the  low  fre¬ 
quency  behavior  can  be  seen  in  the  ensemble  averaged  spectra  of  Figure  6.17.  For  all  cases,  the 
integral  scale  of  the  concentration  fluctuations  was  smaller  than  the  convective  velocity  time  scale. 


Table  6.1  Average  integral  scales  of  the  concentration  fluctuations  for  the  Camp 
Atterbury  fog-oil  dispersion  tests. 


Test 

Xc 

Xc/(Zi/w*) 

1103871 

15.4 

0.042 

1104872 

24.2 

0.021 

1106871 

22.5 

0.052 

With  measurements  of  the  integral  scale  and  the  variance  in  concentration,  it  is  possible  to 
estimate  the  accuracy  in  our  measured  average  concentrations,  using 


from  Bendat  and  Piersol  (1971),  where  the  contribution  at  times  small  compared  to  Tc  is  neglected, 
T  is  the  averaging,  or  total  sample  time,  and  T  >  Xc-  Values  of  cs^/c  calculated  for  a  one  hour  test 
along  the  plume  centerline  vary  from  0.09  to  0.22.  We  note  that  the  magnitude  of  estimated 
from  this  method  is  close  to  the  values  found  in  analysis  of  the  scatter  in  mean  concentration 
measurements  from  multiple  samplers  on  a  single  sampling  mast,  as  shown  in  Figure  5.13. 

6.1.6  Concentration  Exceedance 

A  technique  which  may  be  of  use  in  the  analysis  of  the  concentration  records  is  examining  the 
behavior  of  time  durations  for  which  the  concentration  exceeds  some  limit  at  a  given  sampler. 
Here,  we  are  primarily  interested  in  continuous  periods  during  which  c>  0.  We  denote  the  mean 
value  by  1/Xu(ciimit)  and  take  cumit  =  0.  From  analysis  of  the  data  records,  we  find  the  behavior 
shown  in  Figure  6. 1 8.  The  values  of  1  Aii(0)  appear  to  be  directly  related  to  the  integral  scale  in 
concentration  at  a  given  sampler.  The  spatial  variation  in  lAuCO)  is  similar  to  that  seen  for  tc  for 
the  different  tests,  with  no  clear  trend  with  distance  from  the  source  and  no  significant  crosswind 
variation  is  seen.  This  lack  of  variation  may  be  due  to  the  noise  in  the  signal  near  c  =  0. 

We  may  examine  the  distribution  of  the  time  durations  of  individual  bursts,  which  if  random, 
should  follow  the  exponential  distribution  given  by 
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Figure  6.17  Ensemble  averaged  spectra  of  the  concentration  fluctuations  measured  in 
the  Atterbury  dispersion  tests.  These  data  are  the  ensemble  average  of 
all  the  spectra  from  a  given  test  from  which  the  mean  signal  level 
exceeded  the  background  noise  by  a  factor  of  2. 
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Figure  6.18  Duration  of  bursts  in  concentration  with  c  >  0,  versus  the  integral  scale 
in  concentration  for  the  Camp  Anerbury  fog-oil  dispersion  tests. 
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(6.21) 


in  counting  single  exceedance  events  and  the  average  duration  is  lAu  for  a  given  cnmit.  The 
histogram  of  data  for  our  samplers  is  shown  in  Figure  6.19  for  P(t  I  cninit=0)  along  with  the 
predicted  exponential  distribution.  The  data  distribution  is  actually  hyperexponential.  Deviation 
from  the  exponential  may  be  due  to  the  sampling  duration  of  the  test  at  longer  frequencies  and  the 
limited  1-Hz  sampling  frequency  at  the  short  time  increments. 

Another  aspect  of  concentration  exceedance  which  is  useful  is  X(0),  the  rate  of  occurrence  of 
events  with  c>  0  in  a  single  continuous  burst.  We  can  find  X(0)  =  1X^(0)  where  I  is  the  intermit- 
tency.  Scaling  by  the  convective  time  scale,  the  crosswind  distribution  of  this  quantity  is  shown  in 
Figure  6.20.  This  shows  the  rate  of  bursts  is  greater  near  the  center  of  the  mean  plume,  and  is  less 
near  the  mean  plume  edges.  A  model  of  this  distribution  is  given  by 


X(z./w* ) 


1 _ 2 _ 

(w*/Zi )  exp2(y2/2a2  )+ 1 


(6.22) 


where  we  use  the  derived  distribution  of  intermittency  along  with  the  near-constant  value  of 
Xc(w*/zi)  found  from  the  ensemble  averaged  concentration  spectra. 

Some  conclusions  can  be  made  from  analysis  of  the  temporal  records  of  concentration  fluc¬ 
tuation.  One  interesting  result  is  that  lAu(O)  ~  Xc,  and  that  in  a  given  test  this  value  is  nearly 
constant.  This  means  that  the  mean  duration  of  a  smoke  burst  at  any  sampler  position  is  nearly 
constant  for  a  given  test.  A  result  of  this  approximation  is  that  for  frequencies  higher  than  l/27tXc, 
the  concentration  spectra  follows  a  -5/3  power  law  behavior.  Quite  apart  from  the  nearly  constant 
values  of  1  Au(0)  found  in  a  given  test,  we  have  an  exponential-like  probability  distribution  of  the 
duration  of  individual  events  with  c>  0.  We  also  find  the  average  rate  of  occurrence  of  bursts  X(0) 
at  a  sampler  is  higher  near  the  mean  plume  centerline  than  at  the  edges,  whereas  the  mean  duration 
of  a  burst  lAu(O)  is  approximately  constant  over  the  plume  width.  We  may  relate  the  two  rate 
parameters  through  X(0)  =  I  Xu(0). 


6.2  Camp  Atterbury  HC  Smoke  Data  Analysis 

A  total  of  five  dispersion  experiments  were  conducted  using  HC  smoke.  Wind  vectors 
measured  at  the  source  for  each  of  these  tests  are  shown  in  Figure  6.21  along  with  a  map  of  the 
sampling  grid.  The  measured  average  values  of  concentration  from  the  filter  samples  and  standard 
deviation  in  concentration  from  the  aerosol  photometers  are  shown  in  Figure  6.22.  These  are 
presented  in  terms  of  the  measured  mass  of  zinc  per  cubic  meter,  where  zinc  is  used  as  the  conser¬ 
vative  species  in  the  HC  smoke.  Tests  1112871  and  1113871  are  most  suitable  for  our  detailed 
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Figure  6.19  Histogram  of  time  intervals  for  which  the  concentration  exceeds  zero 
for  Test  1 103871,  The  data  from  all  records  for  which  I  >  0.1  are 
included  in  the  above  plot. 
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Figure  6.19  (continued)  Histogram  of  time  intervals  for  which  the  concentration 
exceeds  zero  for  Test  1 104872.  The  data  from  all  records  for  which  I 
>  0. 1  are  included  in  the  above  plot. 
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Figure  6.19  (continued)  Histogram  of  time  intervals  for  which  the  concentration 
exceeds  zero  for  Test  1 106871 .  The  data  from  all  records  for  which  I 
>  0. 1  are  included  in  the  above  plot. 
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Figure  6.20  The  crosswind  distribution  of  intervals  between  smoke  event  starts  for  the 
tests  at  Camp  Atterbury  using  fog-oil  smoke.  These  data  are 
nondimensiondized  by  the  mean  plume  width  and  the  convective  time 
scale  and  are  compared  with  model  given  by  Equation  6.22. 
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Figure  6.21  Sampler  and  source  locations  for  the  HC  smoke  dispersion  tests  at 
Camp  Atterbury.  The  wind  vectors  indicated  in  the  figure  are 
averages  over  the  test  duration  at  the  source  location. 
The  masts  in  each  of  these  lines  are  numbered,  from 
northwest  to  southeast,  beginning  with  one  in  each  transect.  An 
alternate  release  point  for  Tests  1109871,  1110871,  and  1110872 
was  chosen  due  to  mean  wind  direction. 
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Figure  6.22  Profiles  of  zinc  concentration  in  the  HC  smoke  dispersion  experiments  at 
Camp  Atterbury.  These  plots  show  mean  concentration  data  averaged 
from  the  1-m,  2-m,  4-m,  and  8-m  levels  of  each  sampling  mast  for  Test 
1 1 12871.  The  crosswind  view  in  these  graphs  is  looking  downwind  from 
the  source.  This  requires  the  reversed  mast  number  axis  because  of  the 
alternate  source  location  for  this  test. 
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Figure  6.22  (continued)  Profiles  of  zinc  concentration  in  the  HC  smoke  dispersion 
experiments  at  Camp  Atterbury.  These  plots  show  mean  concentration 
data  averaged  from  the  1-m,  2-m,  4-m,  and  8-m  levels  of  each  sampling 
mast  for  Test  1110871.  The  crosswind  view  in  these  graphs  is  looking 
downwind  from  the  source.  This  requires  the  reversed  mast  number  axis 
because  of  the  alternate  source  location  for  this  test. 
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Figure  6.22  (continued)  Profiles  of  zinc  concentration  in  the  HC  smoke  dispersion 
experiments  at  Camp  Atterbury.  These  plots  show  mean  concentration 
data  averaged  from  the  1-m,  2-m,  4-m,  and  8-m  levels  of  each  sampling 
mast  for  Test  1 1 10872.  The  crosswind  view  in  these  graphs  is  looking 
downwind  from  the  source.  This  requires  the  reversed  mast  number  axis 
because  of  the  alternate  source  location  for  this  test. 
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Figure  6.22  (continued)  Profiles  of  zinc  concentration  in  the  HC  smoke  dispersion 
experiments  at  Camp  Atterbury.  These  plots  show  mean  concentration 
data  averaged  from  the  1-m,  2-m,  4-m,  and  8-m  levels  of  each  sampling 
mast  for  Test  1112871.  The  crosswind  view  in  these  graphs  is  looking 
downwind  from  the  source. 
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Figure  6.22  (continued)  Profiles  of  zinc  concentration  in  the  HC  smoke  dispersion 
experiments  at  Camp  Atterbury.  These  plots  show  mean  concentration 
data  averaged  from  the  1-m,  2-m,  4-m,  and  8-m  levels  of  each  sampling 
mast  for  Test  1 113871.  The  crosswind  view  in  these  graphs  is  looking 
downwind  ft-om  the  source. 
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analysis,  whereas  the  other  tests,  due  to  the  alternate  source  location  as  shown  in  Figure  6.21  and 
the  limited  resolution  of  the  plume,  are  not  analyzed  in  detail. 

6.2.1  Mean  Concentrations 


We  do  have  a  problem  with  the  mean  concentrations  measured  in  these  tests.  In  the  samples 
with  high  filter  loading,  the  flow  was  restricted  which  resulted  in  a  lower  total  flow  through  the 
filter  than  expected  and  a  lower  calculated  mean  concentration  than  the  actual  value.  This  problem 
is  most  likely  related  to  the  nature  of  the  membrane  filter  used  to  collect  the  HC  smoke  and  is  prob¬ 
ably  further  exacerbated  by  the  fact  that  liquid  water  surrounds  the  much  smaller  zinc  chloride 
particle.  A  correction  factor  was  developed  for  these  data  which  took  into  account  the  lower  aspi¬ 
ration  rates  created  by  high  filter  loading.  This  correction  factor  assumes  a  collection  efficiency  of 
100%  for  filter  loadings  less  than  120|ig  and  lowers  the  efficiency  exponentially  for  loadings 
above  this  threshold. 

These  corrected  data  may  be  compared  with  the  predicted  results  from  a  Gaussian-plume 
model  and  a  mixed-layer  scaling  model.  The  Gaussian  model  is  given  by 


c(x,y) 


n  Gy  G^  u^ 


—  exp 


.2  \ 


(6.23) 


and  the  mixed-layer  scaling  model  is  given  by 


0.9  q  /z7 
c(x,y)  =  ■  ‘ 


3/2 

(  v2  ^ 

y 

[w*xj 

exp 

(6.24) 


Both  models  are  fully  described  in  Section  3.3.  These  models,  along  with  the  data  are  shown  for 
Tests  1 1 12871  and  1 113871  in  Figure  6.23. 

With  these  data  plume  width  can  be  estimated  for  these  two  data  sets.  A  plot  of  the  result  for 
each  transect,  along  with  the  model  prediction  given  in  Eq.  6.5  from  Gryning  et  al.  (1987)  is 
shown  in  Figiu'e  6.24.  The  growth  in  plume  width  is  proportional  to  travel  time,  which  is  the 
same  near  field  range  as  seen  in  the  Camp  Atterbuiy  fog-oil  tests. 

An  estimate  of  the  crosswind  integrated  concentration  for  the  HC  tests  is  found  by  fitting  a 
Gaussian  profile  to  the  data  and  is  shown  in  Figure  6.25.  The  data  and  the  model  appear  to  agree 
fairly  well.  Nondimensionalized  crosswind  profiles  of  the  mean  concentration  data  along  each 
transect  are  compared  with  a  Gaussian  distribution  (Eq.  6.9)  in  Figure  6.26.  Considering  the  filter 
clogging  problem,  the  comparison  in  this  plot  is  reasonable. 
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Figure  6.23  A  model-data  comparison  for  the  HC  smoke  concentration  data  taken 
in  Test  1 112871.  The  models  are  described  in  the  text. 
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Figure  6.23  (continued)  A  model-data  comparison  for  the  HC  smoke 
concentration  data  taken  in  Test  1 113871.  The  models  are  described 
in  the  text. 
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Figure  6.24  Estimated  plume  widths  for  the  HC  dispersion  tests  at  Camp 
Atterbury  as  compared  with  an  adaptation  from  Gryning  et  al  (1987) 
of  a  model  given  by  Draxler  (1976). 
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Figure  6.25  Mixed-layer  scaling  for  the  crosswind  integrated  ground  level 
concentrations  measured  in  the  Camp  Atterbury  dispersion  tests. 
Crosswind  integrated  concentration  is  determined  from  pointwise 
measurements  by  fitting  the  transect  data  to  a  Gaussian  lateral 
profile.  Comparisons  with  Prarie  Grass  data  (Nieustadt  1980b)  are 
provided. 


310 


c(x,y)  /c(x,0) 


y  / 


-  exp  [  -  y^/ 2  Oy 

Test  1112871 
*  Transect  1 

V  Transect  2 

►  Transect  3 

,  Transect  4 

Test  1113871 
a  Transect  I 

Transect  2 

>  Transect  3 

4  Transect  4 


Figure  6.26  Normalized  crosswind  profile  of  the  mean  concentration  for  the  Camp 
Atterbury  HC  smoke  dispersion  tests.  Lateral  plume  spread  versus  a  ratio  of 
measured  concentration  to  the  fitted  centerline  concentration  is  shown  in  this 
plot.  The  data  are  compared  with  a  Gaussian  profile.  The  transects 
correspond,  respectively,  to  downwind  distances  of  50, 100,  250,  and  450  m. 
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6.2.2  Fluctuations  in  Concentration 


For  the  concentration  fluctuation  intensity,  ratios  of  (yc(x,y)/c(x,y)  can  be  found  for  each 
aerosol  photometer  without  using  values  of  concentration  from  the  dosage  samplers.  This  result  is 
shown  in  Figure  6.27  using  the  plume  widths  previously  measured.  No  dependence  of  this  ratio 
on  downwind  distance  is  seen  in  this  plot.  The  modeled  crosswind  distribution  is  given  by  Eq. 
6. 1 1  with  a  =  ac(x,0)/c(x,0)  =  2.  This  is  the  same  centerline  ratio  as  found  for  the  fog-oil  data  at 
Camp  Atterbury.  The  value  of  a  should  be  a  function  of  the  ratio  of  the  source  size  to  the 
Lagrangian  integral  scale.  Because  we  have  found  a  =  2  for  both  the  fog-oil  tests  and  the  HC 
smoke  tests,  a  does  not  appear  to  be  very  sensitive  to  the  source-integral  scale  ratio  for  our  two 
sets  of  dispersion  experiments  undertaken  at  Camp  Atterbury. 

The  crosswind  distribution  of  intermittency  is  shown  in  Figure  6.28.  These  data  are 
consistent  with  the  crosswind  profile  predicted  for  intermittency,  previously  given  in  Eq.  6.15.  for 
the  Camp  Atterbury  fog-oil  data  comparisons.  Plots  of  ihe  concentration  probability  distribution 
are  shown  in  Figure  6.29.  These  results  follow  the  distribution  given  in  Eq.  6.12  with  the  same 
degree  of  agreement  as  seen  for  the  previously  discussed  fog-oil  tests.  Deviations  from  the 
analytical  distribution  occur  because  of  instrument  noise  at  low  concentrations  and  signal  clipping 
by  the  photometer  electronics  on  a  few  masts  at  higher  concentrations.. 

6.2.3  Correlations  and  Spectra 

Spatial  correlations  are  not  presented  for  the  HC  smoke  tests.  Spectra  of  the  concentration 
data  given  in  Figure  6.30  show  a  -2/3  power  law  behavior  for  nScc(n)  at  higher  frequencies.  An 
ensemble  average  of  this  spectra  for  each  experiment  is  shown  in  Figure  6.31.  Much  of  the 
random  noise  in  the  individual  sampler  spectra  is  removed  by  this  averaging.  A  -5/3  power  law 
inertial-convective  range  scaling  for  Scc(n)  is  seen  in  this  plot  at  the  higher  frequencies. 

The  integral  scale  is  found  using  the  average  value  of  Rcc('^)  =  exp  (-1)  from  all  of  the 
samplers.  For  both  tests,  we  find  values  as  shown  in  Table  6.2.  These  valutis  are  similar  in 
magnitude  to  the  Camp  Atterbury  fog-oil  measurements. 


Table  6.2  Integral  scales  of  concentration  for  the  HC  dispersion  tests  at  Camp 
Atterbury. 
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Figure  6.27  Crosswind  profile  of  the  relative  fluctuation  intensity  of  concentration  for  the 
HC  smoke  tests  at  Camp  Atterbury.  The  data  fi’om  our  tests  are  plotted  as  a 
dimensionless  profile  of  the  local  values  of  the  standard  deviation  in 
concentration  and  the  mean  concentration.  The  model  profile  is  also  plotted, 
with  a  coefficient  of  2. 
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Figure  6.28  Crosswind  plume  intermittency  for  the  Camp  Atterbury  HC  dispersion 
tests.  The  analytical  solution  uses  a  value  of  a  =  2  in  die  expression 
shown. 
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Figure  6.29  A  comparison  of  the  histograms  in  concentration  with  the  exponential 
distribution  for  Test  1 1 12871.  The  mast  numbers  refer  to  the  location  along 
a  given  transect. 
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Figure  6.29  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution  for  Test  1 1 13871.  The  mast  numbers  refer  to  the 
location  along  a  given  transect. 
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Spectra  of  the  concentration  variance  for  all  samplers  in  Test  1 1 12871  in  which 
the  mean  signal  was  greater  than  5  times  the  background  noise  of  the 
instrument.  The  spectra  are  normalized  by  the  calculated  variance  for  each  data 
record. 
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Figure  6.30  (continued)  Spectra  of  the  concentration  variance  for  all  samplers  in  Test 
1 1 1 387 1  in  which  the  mean  signal  was  greater  than  5  times  the  background 
noise  of  the  instrument.  The  spectra  are  normalized  by  the  calculated  variance 
for  each  data  record. 
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Figxire  6.31  Ensemble  averaged  spectra  of  the  concentration  fluctuations  measured  in 
the  HC  smoke  dispersion  tests  at  Camp  Atterbury.  These  data  are  the 
ensemble  average  of  all  the  spectra  from  a  given  test  for  which  the  mean 
signal  level  exceeded  the  background  noise  by  a  factor  of  2. 
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Other  methcxis  of  determining  the  integral  scale  produce  values  which  are  consistent  with  the 
above  results.  In  examining  integral  scales  calculated  from  individual  concentration  records,  no 
dependence  on  position  is  found.  This  is  probably  due  to  random  noise,  which  masks  the  details 
of  the  spatial  distribution. 

6.2.4  Concentration  Exceedance 

In  examining  the  behavior  of  time  intervals  for  which  the  concentration  at  a  given  sampler  is 
greater  than  zero,  we  find  that  the  mean  burst  duration  1  Au(0)  is  approximately  equal  to  the  integral 
scale  of  the  turbulence.  This  is  shown  for  our  HC  smoke  tests  in  Figure  6.32.  Like  the  integral 
scale  of  concentration,  this  mean  burst  duration  shows  little  definite  dependence  on  position. 

The  probability  distribution  of  the  burst  durations  for  individual  samplers  is  shown  in  Figure 
6.33.  Also  shown  is  the  curve  for  an  exponential  distribution  given  in  Eq.  6.21.  Deviation  of  the 
data  in  these  plots  from  this  expected  distribution  may  be  due  to  the  sampling  duration  of  the  test  at 
longer  frequencies  and  the  limited  1-Hz  sampling  frequency  at  the  short  time  increments. 

Although  the  mean  burst  duration  1  Au(0)  or  rate  Xu(0)  does  not  depend  on  position,  we  find 
a  cross  wind  spatial  dependence  of  the  rate  of  occurrence  of  these  bursts  X.(0).  These  parameters 
are  related  through  X,(0)  =  1 7^(0),  where  I  is  the  intermittency.  The  crosswind  dependence  of  A.(0) 
is  shown  in  Figure  6.34.  In  this  figure  we  use  the  convective  time  scale  (zj/w^)  to  form  dimen¬ 
sionless  ratios.  This  plot  shows  the  rate  of  bursts  is  greater  near  the  center  of  the  mean  plume,  and 
is  less  near  the  mean  plume  edges.  A  model  of  this  distribution  is  also  shown.  Although  there  is 
considerable  scatter  of  data  the  curve  does  represent  the  average  behavior  of  the  distribution. 

6.3  Meadowbrook  Fog-oil  Dispersion  Tests  in  Unstable  Atmospheric 
Conditions 

The  dispersion  tests  in  California  were  conducted  on  a  site  with  complex  terrain  features. 
Releases  were  made  within  a  bifurcating  canyon  valley  running  the  length  of  the  5  x  5  km  test  site. 
The  ground  cover  at  the  site  consisted  of  varying  types,  densities  and  heights  of  vegetation.  With 
these  varying  terrain  features,  a  general  analysis  must  be  approached  with  caution.  It  is  not  as 
applicable  to  other  sites  as  the  previously  discussed  flat  terrain  measurements  at  Camp  Atterbury. 

In  the  Meadowbrook  study,  tests  were  conducted  in  both  unstable  daytime  conditions  and 
nighttime  or  early  dawn  stable  atmospheric  conditions.  Separate  sampling  grids  were  used  for 
each  type  of  test,  and  the  following  discussion  is  similarly  divided  into  two  separate  sections  for 
each  group  of  tests. 

A  total  of  five  disp)ersion  tests  were  conducted  during  the  daytime.  Because  of  the  extreme 
dilution  of  smoke  under  convective  conditions  and  our  limited  number  of  samplers,  concentrations 
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Figure  6.32  Duration  of  bursts  in  concentration  with  c  >  0,  versus  the  integral  scale 
in  concentration  for  the  Camp  Atterbury  HC  smoke  dispersion  tests. 
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Figure  6.33  Histogram  of  time  intervals  for  which  the  concentration  exceeds 
zero  for  Test  1 1 12871.  The  data  from  all  records  for  which  I  > 
0.1  are  included  in  the  above  plot. 
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Figure  6.33  (continued)  Histogram  of  time  intervals  for  which  the 
concentration  exceeds  zero  for  Test  1113871.  The  data  from  all 
records  for  which  I  >  0.1  are  included  in  the  above  plot. 
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Figure  6.34  The  crosswind  distribution  of  intervals  between  smoke  event  starts  for  the 
HC  tests  at  Camp  Atterbury  using  fog-oil  smoke.  These  data  are 
nondimensionalized  by  the  mean  plume  width  and  the  convective  time 
scale  and  are  compared  with  model  given  by  Equation  6.22. 
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were  measured  only  to  250  m  from  the  source.  A  detailed  map  of  the  sampling  grid,  ground 
cover,  and  terrain  is  shown  in  Figure  6.35.  The  site  over  which  the  samplers  is  located  is  very  flat 
compared  to  the  surrounding  terrain,  with  a  maximum  elevation  difference  of  less  than  4  m. 
Ground  cover  in  the  range  of  the  sampling  grid  consists  of  a  harvested  wheat  field  of  0.1 -m  tall 
straw. 

Three  wind  sensors  were  located  adjacent  to  the  sampling  grid.  Their  location  and  mean 
wind  vectors  for  our  dis’"  "rsion  tests  are  shown  in  Figure  6.36.  There  is  a  small  deviation  in  the 
mean  wind  field  between  these  sensors  for  several  of  the  tests.  This  can  affect  the  distribution  of 
the  mean  smoke  plume.  With  the  limited  distance  covered  and  the  uniform  site  characteristics,  a 
fairly  simple  analysis  of  the  concentration  field  is  possible  using  the  averaged  locally  measured 
wind  characteristics. 

6.3.1  Mean  Concentrations 

Values  of  concentration  and  the  standard  deviation  in  concentration  for  the  tests  are  shown  in 
Figure  6.37.  From  examination  of  these  plots  and  consideration  of  the  source  operating  character¬ 
istics,  Tests  0921871,  0923871,  and  0926871  are  most  suitable  for  detailed  analysis,  although 
concentrations  along  the  transects  are  still  at  the  low  end  of  the  detectable  range.  Test  0928871  did 
not  sufficiently  contact  the  sampling  grid.  Excessive  trouble  with  the  smoke  generator  for  the  Test 
1002872  rendered  this  set  of  concentration  data  questionable  for  a  steady  state  analysis. 

We  may  use  the  transect  profiles  of  the  data  in  a  manner  similar  to  that  for  the  Camp 
Atterbury  tests,  where  data  for  each  transect  is  fitted  to  a  Gaussian  profile  to  yield  a  plume  width 
and  a  crosswind  integrated  concentration.  We  can  compare  plume  widths  from  several  of  the  tests 
with  analytical  expressions,  riom  Gryning  et  al,  (1987)  we  have  the  relation  given  in  Eq.  6.5. 
Using  average  values  of  the  meteorological  data  at  the  10  m  height,  the  data  and  model  is  shown  in 
Figure  6.38.  The  agreement  in  this  comparison  is  reasonable,  but  the  data  are  very  sparse.  For 
Test  0921871,  a  width  is  not  shown  for  Transect  2  because  of  the  limited  number  of  measured 
dosage  samples.  For  Test  0923871,  no  value  is  shown  for  Transect  3  because  of  low  measured 
concentration  levels. 

For  these  data  taken  in  unstable  meteorological  conditions,  we  may  use  mixed-layer  scaling 
to  examine  the  crosswind  integrated  ground-level  concentrations.  This  result  is  shown  in  Figure 
6.39.  The  inversion  height  in  this  scaling  is  taken  from  the  atmospheric  soundings,  whereas  the 
convection  velocity  is  found  using  surface-layer  scaling  values  from  the  nearest  sonic  anemometer. 
In  this  comparison,  the  data  values  are  very  close  to  the  fit  given  by  Nieuwstadt  (1980b).  For  the 
plume  width,  mixed-layer  scaling  is  shown  in  Figure  6.40.  The  good  agreement  with  flat-terrain 
dispersion  measurements  is  surprising  because  of  the  complex  terrain  features  in  the  area. 
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Figure  6.35  Terrain,  instrument  locations,  and  vegetation  for  the  daytime  unstable 
Meadowbrook  dispersion  site.  The  elevations  are  in  ft  above  sea  level 
with  contour  lines  at  40-ft  increments.  Elevations  and  the  UTM 
coordinates  were  taken  from  the  USGS  map  of  Inskip  Hill,  California. 
The  vegetation  information  is  from  a  survey  by  ASL. 
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Figure  6.36  Measured  wind  vectors  over  the  test  duration  for  the  daytime  unstable 
dispersion  tests  at  Meadowbrook.  The  source  measurements  were  made  at 
a  height  of  2  m,  while  the  RIS0  sonic  anemometer  measurements  were 
made  at  a  height  of  7m.  All  wind  vectors  are  with  respect  to  true  north. 
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Figure  6.37  Profiles  of  fog-oil  concentration  measured  along  the  sampling  transects  in 
the  daytime  unstable  Meadowbrook  dispersion  tests.  These  plots  are  for 
Test  0921871,  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.37  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  daytime  unstable  Meadowbrook  dispersion  tests.  These 
plots  are  for  Test  0923871,  and  the  crosswind  view  in  these  graphs  is 
looking  downwind  from  the  source.  In  addition  to  the  mean  concentrations, 
the  standard  deviation  in  concentration  from  the  aerosol  photometers  is  also 
shown  in  these  plots. 
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Figure  6.37  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  daytime  unstable  Meadowbrook  dispersion  tests.  These 
plots  are  for  Test  0926871,  and  the  crosswind  view  in  these  graphs  is 
looking  downwind  from  the  source.  In  addition  to  the  mean  concentrations, 
the  standard  deviation  in  concentration  from  the  aerosol  photometers  is  also 
shown  in  these  plots. 
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Figure  6.37  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  daytime  unstable  Meadowbrook  dispersion  tests.  These 
plots  are  for  Test  0928871,  and  the  crosswind  view  in  these  graphs  is 
looking  downwind  from  the  source.  In  addition  to  the  mean  concentrations, 
the  standard  deviation  in  concentration  from  the  aerosol  photometers  is  also 
shown  in  these  plots. 
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Figure  6.37  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  in  the  daytime  unstable  Meadowbrook  dispersion  tests.  These 
plots  are  for  Test  1002872,  and  the  crosswind  view  in  these  graphs  is 
looking  downwind  from  the  source.  In  addition  to  the  mean  concentrations, 
the  standard  deviation  in  concentration  from  the  aerosol  photometers  is  also 
shown  in  these  plots. 
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Figure  6.38  Estimated  plume  widths  for  the  fog-oil  dispersion  tests  at 
Meadowbrook  in  daytime  unstable  conditions  as  compared  with 
Gryning's  adaptation  of  Draxler's  model. 
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Figure  6.39  Mixed-layer  scaling  using  the  free  convection  limit  for  the  cross 
wind  integrated  ground  level  concentrations  measured  in  the 
daytime  unstable  fog-oil  dispersion  tests  at  Meadowbrook.  The 
Prairie  Grass  data  and  curve  fit  are  from  Nieuwstadt  (1980b). 
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Figure  6.40  Mixed-layer  scaling  using  the  for  the  time  averaged  normalized 
plume  widths  measured  in  the  daytime  unstable  fog-oil  dispersion 
tests  at  Meadowbrook  as  a  function  of  downwind  distance.  The 
Prairie  Grass  data  are  from  Nieuwstadt  (1980b). 
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We  can  compare  the  crosswind  mean  concentration  data  with  a  Gaussian  crosswind  profile 
given  in  Eq.  6.9  because  of  the  relatively  uniform  terrain  surrounding  the  dispersion  site.  Results 
are  shown  in  Figure  6.41.  The  average  of  the  data  is  seen  to  adequately  follow  the  Gaussian 
profile,  although  there  is  considerable  scatter  in  the  data. 

6.3.2  Fluctuations  in  Concentration 

Crosswind  profiles  of  the  standard  deviation  in  concentration  are  shown  in  Figure  6.42  for 
<yc(x,y)/c(x,0)  versus  Oy/y  and  Figure  6.43  for  Oc(x,y)/c(x,y)  versus  Oy/y.  The  behavior  in  these 
plots  follows  the  models  given  in  Eqs.  6.10  and  6.11  which  were  previously  used  for  the  Camp 
Atterbury  tests,  although  the  centerline  fluctuation  intensity  a  is  higher  for  this  set  of  tests.  The 

value  of  a  =  Oc(x,0)/c(x,0)  should  be  a  function  of  only  the  source  size  and  the  Lagrangian  turbu¬ 
lent  integral  scale.  Here  we  use  a  =  3,  which  is  higher  than  the  a  =  2  value  found  in  the  Atterbury 
tests.  Since  the  same  source  is  used  in  both  the  Atterbury  and  Meadowbrook  studies,  the  varying 
a  must  be  due  to  differences  in  the  terrain  or  meteorology  between  the  two  sites. 

As  demonstrated  in  Figure  6.44,  the  probability  distribution  of  concentration  at  points  in  the 
flow  field  is  seen  to  follow  the  probability  distribution  given  in  Eq.  6.12  for  all  of  the  daytime 
convective  tests.  Scatter  of  the  data  at  c/c  =  0  is  seen  in  this  plot.  Vertical  line  at  higher  concen¬ 
trations  are  caused  by  clipping  of  the  photometer  signal  at  higher  concentrations. 

For  data  amendable  to  crosswind  scaling,  the  distribution  of  intermittency  versus  the  cross- 
wind  distance  is  given  in  Figure  6.45.  This  figure  also  includes  a  plot  of  Eq.  6.15.  Figure  6.45 
shows  a  much  lower  average  centerline  intermittency  found  in  these  tests  as  compared  with  the 
Camp  Atterbury  tests. 

6.3.3  Correlations  and  Spectra 

There  are  insufficient  data  in  this  set  to  investigate  spatial  correlations.  Spectra  of  the  indi¬ 
vidual  concentration  records  taken  in  these  tests  are  shown  in  Figure  6.46.  These  show  a  -2/3 
power  law  behavior  for  nScc(n)  at  the  higher  frequencies.  Within  a  test  the  spectra  from  individual 
samplers  is  similar  in  magnitude  and  shape.  Ensemble  averaging  of  these  data  sets  produces  the 
result  shown  in  Figure  6.47,  where  a  -5/3  power  law  behavior  for  Scc(n)  in  the  inertial-convective 
subrange  is  seen. 

An  integral  scale  of  the  concentration  fluctuations  is  found  using  RccCtc)  =  exp  (-1).  Average 
values  are  given  in  Table  6.3.  No  definite  spatial  variation  in  the  integral  scale  calculated  from 
individual  concentration  records  is  seen. 
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Figure  6.41  Normalized  crosswind  profile  of  mean  concentration  for  the 
daytime  unstable  Meadowbrook  dispersion  tests.  Lateral  plume 
spread  versus  a  ratio  of  actual  concentration  to  the  fitted  centerline 
concentration  is  given  in  this  plot.  Comparison  of  the  data  with  a 
Gaussian  profile  is  also  shown. 
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Figure  6.42  Crosswind  profile  of  the  standard  deviation  in  concentration  normalized  by 
the  centerline  mean  concentration  for  the  daytime  unstable  Meadowbrook 
dispersion  tests.  The  square  root  of  a  Gaussian  profile  with  a  constant 
scaling  coefficient  of  3  is  also  shown. 
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Figure  6.43  Crosswind  profile  of  relative  fluctuation  intensity  of  concentration  for  the 
daytime  unstable  dispersion  tests  at  Meadowbrook.  The  data  from  our 
tests  are  plotted  as  a  dimensionless  profile  of  the  local  values  of  the 
standard  deviation  in  concentration  and  mean  concentrauon.  The  model 
profile  with  a  coefficient  of  3  is  also  shown. 
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Figure  6.44  A  comparison  of  the  histograms  in  concentration  with  the  exponential 
distribution.  This  plot  is  for  Test  0921871.  The  mast  numbers  refer  to  the 
location  along  a  given  transect. 
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Figure  6.44  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution.  This  plot  is  for  Test  0923871.  The  mast  numbers 
refer  to  the  location  along  a  given  transect. 
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Figure  6.44  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution.  This  plot  is  for  Test  0926871.  The  mast  numbers 
refer  to  the  location  along  a  given  transect. 
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Figure  6.44  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution.  This  plot  is  for  Test  0928871.  The  mast  numbers 
refer  to  the  location  along  a  given  transect. 
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Figure  6.44  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution.  This  plot  is  for  Test  1002871.  The  mast  numbers 
refer  to  the  location  along  a  given  transect. 
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Figure  6.45  Crosswind  plume  intermittency  for  the  Meadowbrook  fog-oil 
dispersion  tests.  The  analytical  solution  uses  a  value  of  a  =  3  in 
the  expression  shown. 
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Figure  6.46  Spectra  of  the  concentration  variance.  This  plot  includes  data  from  all 
samplers  in  Test  0921871  for  which  the  mean  signal  exceeded  5  times  the 
background  noise  of  the  instrument.  The  spectra  were  normalized  by  the 
calculated  variance  for  each  data  record. 
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Figtire  6.46  (continued)  Spectra  of  the  concentration  variance.  This  plot  includes  data 
from  all  samplers  in  Test  0923871  for  which  the  mean  signal  exceeded  five 
times  the  background  noise  of  the  instrument.  The  spectra  were 
normalized  by  the  calculated  variance  for  each  data  record. 
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Figure  6.46  (continued)  Spectra  of  the  concentration  variance.  This  plot  includes  data 
from  all  samplers  in  Test  0926871  for  which  the  mean  signal  exceeded  five 
times  the  background  noise  of  the  instrument.  The  spectra  were 
normalized  by  the  calculated  variance  for  each  data  record. 
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Figure  6.47  Ensemble  averaged  spectra  of  the  concentration  fluctuations  measured  in 
the  unstable  Meadowbrook  dispersion  tests.  These  data  are  the 
ensemble  average  of  all  the  spectra  from  a  given  test  for  which  the  mean 
signal  level  exceeded  the  background  noise  by  a  factor  of  4. 
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Table  6.3  Integral  scales  of  concentration  for  the  unstable  Meadowbrook  dispersion 
tests. 


Test 

Xc 

Tc/(Zi/w*) 

0921871 

11.2 

0.036 

0923871 

8.4 

0.054 

0926871 

10.3 

0.026 

6.3.4  Concent  ration  Exceedance 

We  find  that  averages  of  the  mean  continuous  period  of  time  for  which  c>  0  at  an  individual 
sampler  is  approximately  equal  to  the  integral  scale  of  the  concentration  fluctuations  at  the  same 
sampler.  This  behavior  is  shown  in  Figure  6.48,  where  lAu(O)  is  the  mean  duration  of  a  continu¬ 
ous  burst  with  c>  0.  We  note  that  the  range  of  values  in  this  plot  within  a  given  test  is  not  large 
and  no  spatial  dependence  of  lAu(0)  is  found. 

The  probability  distribution  of  continuous  events  of  duration  t  with  c>  0  is  shown  in  Figure 
6.49.  For  all  of  these  tests,  the  distribution  is  nearly  exponential  and  follows  Eq.  6.21.  The 
hyperexponential  behavior  seen  in  the  Camp  Atterbury  plots  of  the  same  type  of  data  (Figure  6.19) 
is  not  seen  in  these  plots.  One  possible  explanation  is  that  the  mean  burst  durations  1  Au(0)  in  the 
Meadowbrook  tests  are  smaller  than  those  found  in  the  Camp  Atterbury  tests.  This  reduces  the 
bias  in  sampling  of  individual  long  duration  bursts  in  the  Meadowbrook  tests  as  compared  to  the 
Atterbury  tests. 

The  mean  rate  of  occurrence  of  bursts  X(P)  with  c>  0  shows  a  spatial  dependence.  This  is 
related  to  the  mean  burst  duration  1  A(0)  through  X,(0)  =  I  Xu(0),  and  X(0)  shows  no  spatial  depen¬ 
dence.  The  crosswind  dependence  of  Xu(0)  is  shown  in  Figure  6.50.  In  this  figure  we  use  the 
convective  time  scale  (Zi/'w^)  to  form  dimensionless  ratios.  This  plot  shows  the  rate  of  bursts  is 

greater  near  the  center  of  the  mean  plume,  and  is  less  near  the  mean  plume  edges.  A  model  of  this 
distribution  is  also  shown. 

6.4  Stable  Meadowbrook  Data 

For  the  nighttime  experiments  at  Meadowbrook,  the  data  are  more  site  sjjecific  than  any  of 
our  other  data,  being  considerably  influenced  by  the  local  terrain  and  meteorology.  Maps  of  the 
entire  test  site  were  shown  in  Figures  4.8  to  4. 10.  Referring  to  these  maps,  the  surface-layer  wind 
follows  the  downhill  slope  of  the  land  from  east  to  west. 

A  map  of  the  samplers  in  this  test  is  shown  in  Figure  6.51.  For  all  of  the  stable  tests,  the 
fog-oil  source  was  located  in  the  Plum  Creek  valley  near  UTM  coordinates  4461750  N,  589500  E. 
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Figure  6.48  Duration  of  bursts  in  concentration  with  c  >  0,  versus  the  integral  scale 
in  concentration  for  the  unstable  Meadowbrook  snx>ke  dispersion  tests. 
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Figure  6.49  Histogram  of  time  intervals  for  which  the  concentration  exceeds 
zero  for  Test  0921871.  The  data  from  all  records  for  which  I  >  0.1 
are  included  in  the  above  plot. 
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Figtire  6.49  (continued)  Histogram  of  time  intervals  for  which  the  concentration 
exceeds  zero  for  Test  0923871.  The  data  from  all  records  for  which 
I  >  0. 1  are  included  in  the  above  plot. 
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Figure  6.49  (continued)  Histogram  of  time  intervals  for  which  the  concentration 
exceeds  zero  for  Test  0926871.  The  data  from  all  records  for  which  I  > 
0.1  are  included  in  the  above  plot. 


354 


X,  ( z.  /  w, 


20 


15 


10 


5 


0 


Figure  6.50 
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The  crosswind  distribution  of  intervals  between  smoke  event  starts  for 
the  unstable  Meadowbrook  smoke  dispersion  tests..  These  data  are 
nondimensionalized  by  the  mean  plume  width  and  the  convective  time 
scale  and  are  compared  with  model  given  by  Equation  6.22. 
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grid  marked  in  km.  The  topographical  information  is  from  a  USGS  map  of 
Inskip  Hill,  California. 


The  six  transects  of  samplers  used  in  these  tests  were  located  at  approximate  geometrically  increas¬ 
ing  downwind  distances  from  the  source  of  25, 125, 250,  550,  1800,  and  3500  m.  A  map  of  the 
source  and  first  three  sampling  transects  is  shown  in  Figure  6.52.  This  map  shows  the  varying 
vegetation  for  the  near-field  grid.  Some  of  the  samplers  are  located  in  relatively  open  areas, 
whereas  others  are  within  a  moderately  dense  forest  canopy.  A  plot  of  the  mean  wind  vector 
measured  at  a  2-m  height  near  the  source  is  shown  in  Figure  6.53.  This  vector  plot  shows  the 
approximate  mean  direction  of  the  plume  near  the  source  in  each  of  the  dispersion  tests.  Surveyed 
elevations  of  the  first  three  transects  are  shown  in  Figure  6.54.  This  figure  shows  the  overall 
west-northwest  fetch  of  the  ground  for  the  near-source  samplers  in  somewhat  more  detail  than  is 
presented  in  the  topological  maps.  Mast  7  on  Transect  3  was  located  in  a  gully  near  Plum  Creek 
which  was  somewhat  lower  than  the  surrounding  terrain. 

6.4.1  Mean  Concentration  Data 

Crosswind  profiles  of  the  mean  and  fluctuating  data  taken  in  these  tests  are  shown  in  Figure 
6.55.  The  profiles  of  data  in  these  plots  is  shown  looking  from  the  source  downwind.  The  initial 
plume  profile  show  a  Gaussian-like  shape.  For  the  further  transects  the  plume  often  fills  the  entire 
valley  and  the  mean  concentration  measurements  show  a  uniform  distribution  across  the  transect. 
Concentrations  measured  at  Mast  7  on  Transect  3  are  lower  than  those  measured  on  the  adjacent 
masts  because  of  its  location  in  a  low  canopy  covered  area  not  penetrated  by  the  bulk  of  the  fog-oil 
smoke.  Transect  6  was  used  only  in  the  later  tests,  after  observers  reported  smoke  at  this  far 
downwind  position.  It  is  the  same  row  of  samplers  used  as  Transect  3  for  the  unstable  daytime 
dispersion  tests.  All  of  these  data  sets  contain  useful  results,  although  the  Test  0927872  is  not  ana¬ 
lyzed  in  detail  because  the  test  was  only  10  minutes  in  duration.  For  Test  1003871  the  closer 
sampling  transects  were  missed  by  the  plume  and  therefore  could  not  be  examined. 

The  decay  of  the  mean  concentration  levels  with  distance  from  the  source  occurs  at  a  slower 
rate  for  these  stable  atmospheric  conditions  than  for  any  of  our  other  sets  of  data.  For  Transects  2 
and  3  the  highest  mean  concentration  levels  measured  along  the  transect  are  often  very  close  in 
magnitude,  due  to  the  buoyancy  and  momentum  of  the  source  which  carried  it  partially  over  the 
closer  samplers. 

Further  study  of  the  dispersion  may  be  accomplished  using  crosswind  integrated  concentra¬ 
tions.  For  Transects  2  and  3,  a  profile  fit  is  used,  similar  to  that  previously  discussed  for  deter¬ 
mining  plume  width  and  crosswind  integrated  concentration  in  our  other  dispersion  tests.  At  the 
funher  transects,  an  average  concentration  is  found,  then  multiplied  by  the  approximate  width  of 
the  valley  at  that  transect  position,  which  is  taken  as  160  m,  120  m,  and  260  m  for  Transect  4 
through  Transect  6,  respectively.  The  value  of  Cy  is  scaled  by  the  local  mean  wind  speed  and  the 
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Figure  6.52  The  near-source  sampling  transects  for  the  stable  Meadowbrook 
dispersion  tests.  Transects  2  and  3  are  partially  within  an  open  field  and  a 
forest  canopy.  The  total  area  shown  above  is  500  by  500  m  with  the 
lower  left  comer  located  at  4461500  N,  590000  E  in  UTM  coordinates. 
The  contour  intervals  in  this  map  are  40  ft. 
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.  igure  6.53  Source  wind  vectors  for  the  stable  dispersion  tests  at  Meadowbrook.  These 
were  measured  at  a  height  of  2  m  and  are  average  values  over  the  smoke 
release  period. 
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Figure  6.55  Profiles  of  fog-oil  concentration  measured  along  the  sampling  transects 
for  the  stable  Meadowbrook  dispersion  tests.  These  plots  are  for  Test 
0925871  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  fiom  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the 
sampling  transects  for  the  stable  Meadowbrook  dispersion  tests.  These 
plots  are  for  Test  0925871  and  the  crosswind  view  in  these  graphs  is 
looking  downwind  from  the  source.  In  addition  to  the  mean 
concentrations,  the  standard  deviation  in  concentration  from  the  aerosol 
photometers  is  also  shown  in  these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the 
sampling  transects  for  the  stable  Meadowbrook  dispersion  tests.  These 
plots  are  for  Test  0927871  and  the  crosswind  view  in  these  graphs  is 
looking  downwind  from  the  source.  In  addition  to  the  mean 
concentrations,  the  standard  deviation  in  concentration  from  the  aerosol 
photometers  is  also  shown  in  these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the 
sampling  transects  for  the  stable  Meadowbrook  dispersion  tests.  These 
plots  are  for  Test  0927872  and  the  crosswind  view  in  these  graphs  is 
looking  downwind  from  the  source.  In  addition  to  the  mean 
concentrations,  the  standard  deviation  in  concentration  from  the  aerosol 
photometers  is  also  shown  in  these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  for  the  stable  Meadowbrook  dispersion  tests.  These  plots  are  for 
Test  0930871  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  for  the  stable  Meadowbrook  dispersion  tests.  These  plots  are  for 
Test  0930871  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  samplin'^ 
transects  for  the  stable  Meadowbrook  dispersion  tests.  These  plots  are  .or 
Test  1001871  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  for  the  stable  Meadowbrook  dispersion  tests.  These  plots  are  for 
Test  1001871  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  scree.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the 
sampling  transects  for  the  stable  Meadowbrook  dispersion  tests.  These 
plots  are  for  Test  1002871  and  the  crosswind  view  in  these  graphs  is 
looking  downwind  from  the  source.  In  addition  to  the  mean 
concentrations,  the  standard  deviation  in  concentration  from  the  aerosol 
photometers  is  also  shown  in  these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  for  the  stable  Meadowbrook  dispersion  tests.  These  plots  are  for 
Test  1002871  and  the  crosswind  view  in  these  graphs  is  looking 
downwind  from  the  source.  In  addition  to  the  mean  concentrations,  the 
standard  deviation  in  concentration  from  the  aerosol  photometers  is  also 
shown  in  these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  for  the  stable  Meadowbrook  dispersion  tests.  These  plots  are  for 
Test  1003871  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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Figure  6.55  (continued)  Profiles  of  fog-oil  concentration  measured  along  the  sampling 
transects  for  the  stable  Meadowbrook  dispersion  tests.  These  plots  are  for 
Test  1003871  and  the  crosswind  view  in  these  graphs  is  looking  downwind 
from  the  source.  In  addition  to  the  mean  concentrations,  the  standard 
deviation  in  concentration  from  the  aerosol  photometers  is  also  shown  in 
these  plots. 
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source  strength,  where  winds  at  tower  positions  along  the  smoke  plume  path  are  shown  in  the 
chart  of  Figure  6.56.  These  winds  are  predominantly  in  the  downslope  direction. 

Results  of  the  crosswind  integrated  concentration  calculations  are  shown  in  Figure  6.57. 
There  is  reasonable  collapse  of  the  data  using  this  scaling  at  further  downwind  distances.  Part  of 
the  spread  between  the  tests,  or  even  increase  in  crosswind  integrated  concentration  with  distance 
for  the  near-source  samplers,  is  due  to  the  finite  buoyancy,  upward  momentum,  and  release  height 
at  the  source.  These  effects  allow  the  smoke  to  travel  over  the  near-field  samplers  on  Transects  2 
and  3.  In  conditions  of  higher  turbulence,  such  as  our  in  our  daytime  tests,  these  source  effects  are 
negUgible. 

The  dilution  of  the  smoke  as  seen  in  this  plot  is  not  a  simple  power-law  function  of  distance. 
Physical  effects  responsible  for  this  behavior,  other  than  the  source  effects,  can  be  found  in  exam¬ 
ining  the  topography  of  the  site.  Terrain  effects  change  the  rate  of  decrease  of  aosswind  integrated 
concentration  as  side  canyons  join  with  the  plume,  adding  their  mass  of  cool  drainage  flow  air  to 
the  mixing  plume. 

Profile  analysis  of  the  data  for  the  concentration  fluctuations  is  limited  to  the  early  stages  of 
the  plume  evolution,  at  Transects  2  and  3  before  the  plume  fills  the  entire  valley.  The  plume  width 
is  shown  in  Figure  6.58  as  a  function  of  travel  time.  For  this  data  set  the  plume  growth  is  linear 
with  travel  time.  At  further  distances  the  growth  of  Oy  is  strongly  influenced  by  the  terrain  and 
resembles  mixing  in  a  closed  channel.  A  nondimensionalized  profile  of  the  mean  data  for 
Transects  2  and  3  is  shown  in  Figure  6.59,  where  we  have  neglected  data  from  Mast  7  on  Transect 
3  because  of  its  sheltered  position. 

Considering  the  complex  terrain  and  variable  vegetation,  the  data  follow  the  Gaussian  profile 
very  well.  The  data  in  this  plot  are  shown  looking  from  the  source  downwind  and  most  of  the  data 
shown  in  this  plot  are  confined  to  the  open  area  of  the  dispersion  site,  rather  than  the  forested  area 
on  the  north  side  of  the  sampling  grid.  Most  of  the  deviation  from  this  profile  is  due  to  a  single 
data  set  from  Transect  2  in  Test  0925871. 

6.4.2  Fluctuating  Concentration  Data 

Using  the  aerosol  photometer  data  from  Transects  2  and  3,  plots  of  Oc(x,y)/c(x,0)  versus 
Gy/y  in  Figure  6.60  and  ac(x,y)/c(x,y)  versus  Oy/y  in  Figure  6.61  are  compared  with  the  profiles 
given  in  Eqs.  6.10  and  6.1 1.  The  value  of  a  =  ac(x,0)/c(x,0)  used  here  is  1.5,  which  is  smaller 
than  that  found  in  the  oaytime  Meadowbrook  tests  or  the  Camp  Atterbury  tests.  Agreement 
between  the  model  and  data  is  reasonable  in  all  cases. 

The  probability  distribution  of  concentration  at  points  in  the  flow  field  is  seen  to  follow  the 
probability  distribution  given  by  Eq.  6. 12  in  Figure  6.62  for  all  of  the  aerosol  photometer  data  at 
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Figure  6.56  Wind  speeds  along  the  smoke  plume  path  for  the  fog-oil  dispersion  tests 
at  Meadowbrook,  These  data  are  from  the  10-m  surface  stations  and  are 
averaged  over  the  test  period. 
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Figiire  6.57  Cross  wind  integrated  concentrations  versus  downwind  distance  for  the 
stable  dispersion  tests  at  Meadowbrook.  The  cross  wind  integrated 
concentration  for  Transect  2  and  3  is  found  through  a  profile  fit  of  the 
data.  For  Transects  4,  5,  and  6  a  mean  concentration  is  found  for  the 
transect  and  is  multiplied  by  the  valley  width  for  that  transect.  A  local 
wind  speed  is  used  in  the  scaling.  For  Transect  2  and  3  this  is  the 
measurement  at  surface  station  A 108.  For  Transect  4  we  use  the 
average  of  wind  measurements  at  A 1 12  and  A 107.  For  transect  6  we 
use  the  wind  measurement  at  A1 1 1. 
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Figure  6.58  Estimated  horizontal  plume  widths  for  the  stable  dispersion  tests  at 
Meadowbrook  as  compared  with  Gryning's  adaptation  of  Draxler’s 
model.  This  plot  includes  data  from  the  second  and  third  transects. 
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Figure  6.59  Normalized  cross  wind  profile  of  mean  concentration  for  the  stable 
fog-oil  dispersion  tests  at  Meadowbrook.  Lateral  plume  spread 
versus  a  ratio  of  actual  concentration  to  the  fitted  centerline 
concentration  is  pven  in  this  plot.  Comparison  of  the  data  with  a 
Gaussian  profile  is  also  shown. 
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Figure  6.60  Crosswind  profile  of  the  standard  deviation  in  concentration  normalized 
by  the  centerline  mean  concentration  for  the  stable  Meadowbrook 
dispersion  tests.  The  square  root  of  a  Gaussian  profile  is  also  plotted, 
with  a  constant  coefficient  of  1.5. 
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Figure  6.61  Crosswind  profile  of  fluctuation  intensity  of  concentration  for  the  stable 
Meadowbrook  dispersion  tests.  The  data  are  plotted  as  a  dimensionless 
profile  of  the  local  values  of  the  standard  deviation  in  concentration  and 
mean  concentration.  The  model  profile  is  plotted  with  a  coefficient  of 
1.5. 
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Figure  6.62  A  comparison  of  the  histograms  in  concentration  with  the  exponential 
distribution.  This  plot  is  for  Test  092587 1 .  The  mast  numbers  refer  to  the 
location  along  a  given  transect. 
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Figure  6.62  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution.  This  plot  is  for  Test  0927871.  The  mast  numbers 
refer  to  the  location  along  a  given  transect. 
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Figure  6.62  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution.  This  plot  is  for  Test  0927872.  The  mast  numbers 
refer  to  the  location  along  a  given  transect. 
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Figure  6.62  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution.  This  plot  is  for  Test  1001871.  The  mast  numbers 
refer  to  the  location  along  a  given  transect. 
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Figure  6.62  (continued)  A  comparison  of  the  histograms  in  concentration  with  the 
exponential  distribution.  This  plot  is  for  Test  1002871.  The  mast  numbers 
refer  to  the  location  along  a  given  transect. 
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Figure  6.62  (continued)  A  comparison  of  the  histograms  in  concentration  w’»h  the 
exponential  distribution.  This  plot  is  for  Test  1003871.  The  mast  iiumbers 
refer  to  the  location  along  a  given  transect. 
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Transects  2  through  4.  The  signal  is  clipped  from  some  of  these  samplers,  mainly  due  to  the 
higher  than  expected  concentrations  at  the  sampling  locations.  There  is  also  scatter  near  zero 
concentration  which  is  reflected  in  the  measured  value  of  the  intermittency.  Part  of  this  scatter  in 
intermittency  is  due  to  the  noise  of  the  instmments,  while  part  is  due  to  the  short  duration  of  the 
dispersion  tests.  The  crosswind  distribution  of  intermittency  is  given  by  Eq.  6.15.  The  data 
values  of  intermittency  versus  the  crosswind  length  scale  is  shown  in  Figure  6.63  along  with  Eq. 
6.15.  There  is  considerable  scatter  in  this  plot,  most  likely  due  to  the  complicated  nature  of  the 
flow  for  this  test  site  and  the  relatively  short  duration  of  the  tests.  The  approximate  magnitude  of 
the  intermittency  shows  poor  agreement  with  the  model  prediction,  but  we  see  that  for  all  samplers 
the  intermittency  is  less  than  unity. 

6.4.3  Spectra  of  the  Concentration  Fluctuations 

Spectra  of  the  concentration  fluctuations  are  shown  in  Figure  6.64  for  the  stable  dispersion 
tests.  Unlike  our  other  tests,  these  spectra  do  not  all  have  a  similar  shape.  They  are  divided  into 
several  groups  for  each  test.  For  the  samplers  which  are  further  from  the  source,  there  is  a  wide 
range  of  frequencies  showing  a  -2/3  power  law  scaling  for  nScc(n).  For  samplers  which  are  closer 
to  the  source  in  the  open  areas  of  the  field,  a  peak  in  the  spectra  is  found  at  much  higher  frequen¬ 
cies  with  no  evidence  of  a  clear  -2/3  scaling.  For  some  of  the  tests,  there  was  sufficient  data 
collected  at  Transect  2,  Mast  3  for  analysis.  This  sampler  was  located  within  the  dense  forest 
canopy.  At  higher  frequencies  it  showed  showed  lower  values  of  nScc(n)/ac^  than  the  other 
samplers.  The  differences  in  the  spectra  at  different  locations  can  be  attributed  to  the  slower 
mixing  rate  in  the  low  turbulence  stable  conditions.  Closer  samplers  may  be  influenced  by  a  core 
region  of  the  plume. 

Integral  scales  for  this  data  set  cover  a  wide  range  of  values  within  a  given  test.  They  tend  to 
be  shorter  closer  to  the  source  and  in  open  areas  of  the  field,  but  become  much  longer  at  further 
distances  or  in  areas  with  a  larger  roughness  height  No  self-similar  scaling  is  evident  for  the  data. 

6.4.4  Concentration  Exceedance 

In  examining  the  behavior  of  time  intervals  for  which  the  concentration  at  a  given  sampler  is 
greater  than  zero,  as  in  previous  experiments,  we  find  that  the  mean  duration  l/A^ifO)  is  approxi¬ 
mately  equal  to  the  integral  scale  of  the  turbulence.  This  is  shown  in  Figure  6.65  for  the  data  in  a 
dimensional  form.  In  these  stable  tests,  values  of  l/XufO)  cover  a  very  broad  range,  from  several 
seconds  to  over  five  minutes. 

The  probability  distribution  of  the  burst  durations  for  individual  samplers  is  shown  for  some 
of  the  samplers  in  Figure  6.66.  Also  shown  is  the  curve  for  an  exponential  distribution  given  by 
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Figure  6.63  Crosswind  intermittency  for  the  stable  Meadowbrook  dispersion 
tests.  The  analytical  solution  uses  a  value  of  a  =  1 .5  in  the 
expression  shown. 
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Figure  6.64  Spectra  of  the  concentration  variance  for  samplers  located  (a)  near  the 
source  and  (b)  further  downwind.  This  plot  includes  data  from  all 
samplers  in  Test  0925871  for  which  the  mean  signal  exceeded  five 
times  the  background  noise  of  the  instrument.  The  spectra  were 
normalized  by  the  calculated  variance  for  each  data  record. 
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Figure  6.64  (continued)  Spectra  of  the  concentration  variance  for  samplers  located  (a) 
near  the  source  and  (b)  further  downwind.  This  plot  includes  data  ftom  all 
samplers  in  Test  0927871  for  which  the  mean  signal  exceeded  five  times 
the  background  noise  of  the  instrument.  The  spectra  were  normalized  by 
the  calculated  variance  for  each  data  record. 
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Figure  6.64  (continued)  Spectra  of  the  concentration  variance  for  samplers  located  (a) 
near  the  source  and  (b)  further  downwind.  This  plot  includes  d-  ta  from  all 
samplers  in  Test  093087 1  for  which  the  mean  signal  exceedeo  five  times 
the  background  noise  of  the  instrument.  The  spectra  were  normalized  by 
the  calculated  variance  for  each  data  record 
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Figure  6.64  (continued)  Spectra  of  the  concentration  variance  for  samplers  located  (a) 
near  the  source  and  (b)  further  downwind.  This  plot  includes  data  from  all 
samplers  in  Test  1001871  for  which  the  mean  signal  exceeded  five  times 
the  background  noise  of  the  instrument.  The  spectra  were  normalized  by 
the  calculated  variance  for  each  data  record. 
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Figure  6.64  (continued)  Spectra  of  the  concentration  variance  for  samplers  located  (a) 
near  the  source  and  (b)  further  downwind.  This  plot  includes  data  fix)m  all 
samplers  in  Test  100287 1  for  which  the  mean  signal  exceeded  five  times 
the  background  noise  of  the  instrument.  The  spectra  were  normalized  by 
the  calculated  variance  for  each  data  record. 
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Figure  6.65  Duration  of  bursts  in  concentration  with  c  >  0,  versus  the  integral  scale 
in  concentration  for  the  stable  Meadowbrook  smoke  dispersion  tests. 
This  graph  shows  data  from  all  samplers  for  which  a  reasonable  integral 
scale  could  be  found. 
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Figure  6.66  Histogram  of  time  intervals  for  which  the  concentration  exceeds 
zero  for  Test  0925871.  Only  data  for  which  the  average  time 
interval  is  not  biased  by  the  sampling  rate  are  included  in  the  above 
plot. 
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Figure  6.66  (continued)  Histogram  of  time  intervals  for  which  the  concentration 
exceeds  zero  for  Test  0927871.  Only  data  for  which  the  average  time 
interval  is  not  biased  by  the  sampling  rate  are  included  in  the  above  plot. 
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Figure  6.66  (continued)  Histogram  of  time  intervals  for  which  the  concentration 
exceeds  zero  for  Test  0930871.  Only  data  for  which  the  average  time 
interval  is  not  biased  by  the  sampling  rate  are  included  in  the  above  plot. 
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Figure  6.66  (continued)  Histogram  of  time  intervals  for  which  the  concentration 
exceeds  zero  for  Test  1001871.  Only  data  for  which  the  average  time 
interval  is  not  biased  by  the  sampling  rate  are  included  in  the  above 
plot. 
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Figure  6.66  (continued)  Histogram  of  time  intervals  for  which  the  concenfi-ation 
exceeds  zero  for  Test  1002871.  Only  data  for  which  the  average  time 
interval  is  not  biased  by  the  sampling  rate  are  included  in  the  above  plot. 
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Figure  6.66  (continued)  Histogram  of  time  intervals  for  which  the  concentration 
exceeds  zero  for  Test  1003871.  Only  data  for  which  the  average  time 
interval  is  not  biased  by  the  sampling  rate  are  included  in  the  above  plot. 
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Eq.  6.21.  The  data  distributions  in  these  plots  are  hyperexponential.  This  may  be  because  of  the 
limited  bandwidth  of  the  concentration  data.  Distributions  which  varied  greatly  from  Eq.  6.21  are 
not  shown  in  Figure  6.66.  These  distributions  all  had  either  very  large  values  of  1/Xu(0),  so  that 
the  test  duration  was  not  long  enough  to  collect  sufficient  data,  or  values  of  1  Au(0)  of  only  several 
seconds,  so  that  the  1-Hz  sampling  rate  severely  biased  the  data  set 
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7.  EXAMINATION  OF  THE  PRECISION  IN  THE  DATA-MODEL 
COMPARISONS 

We  need  to  define  confidence  intervals  for  model-data  comparisons  and  summarize  the  effec¬ 
tive  models  for  microscale  atmospheric  dispersion.  In  the  analysis  of  many  parameters  parameters 
we  may  examine  the  ratios  of  predicted  values  to  measured  values.  For  others  a  more  detailed 
examination  of  the  data  is  necessary.  We  first  examine  errors  between  the  measured  mean  concen¬ 
trations  in  comparison  with  several  simple  dispersion  models.  Parameters  associated  with  the 
fluctuating  concentration  data  are  then  compared  with  empirical  models  developed  in  this  report. 
Finally,  errors  in  the  measured  mean  concentrations  are  examined  along  with  predictions  of 
expected  maximum  levels  in  concentration. 

For  this  comparison  we  have  sets  of  data  from  Camp  Atterbury  and  the  Meadowbrook  site  as 
analyzed  in  Chapter  6.  The  Atterbury  tests  used  a  fog-oil  and  HC  smoke  sources  in  unstable  atmo¬ 
spheric  conditions.  The  Meadowbrook  tests  were  undertaken  in  both  stable  and  unstable  meteoro¬ 
logical  conditions  using  only  the  fog-oil  smoke  source. 

7.1  Mean  Concentrations 

7.1.1  The  Field  of  Mean  Concentration 


The  most  direct  comparison  of  the  mean  concentration  data  with  models  is  on  a  point-by¬ 
point  basis.  For  the  data  taken  in  our  daytime  tests  we  have  two  basic  models.  These  are  repeated 
here  for  convenience.  The  first  is  a  Gaussian-plume  model  given  by 


with 


(7.2) 

(7.3) 


with  tL.y  and  tt.^  both  assumed  to  be  300  s  from  Gryning  et  al.  (1987)  and  meteorological  data 
taken  over  the  test  period.  The  second  is  a  mixed-layer  scaling  model  from  Nieuwstadt  (1980b) 
which  may  be  written  as 
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(7.4) 


c(x,y)  =  0.9 


Oy  Ux 


3/2 

f  ) 

[w*xj 

exp 

with  Oy  given  by  Eq.  7.2. 

We  may  calculate  the  correlation  coeflficient  between  each  of  the  models  and  the  data  points 
for  the  mean  concentration.  This  yields  the  information  shown  in  Table  7.1.  The  overall  average 
value  is  0.82  for  both  models,  indicating  a  strong  relation  between  the  model  and  data  values.  If 
the  results  of  Test  1 113871  are  neglected,  the  average  correlation  coefficient  rises  to  .87  for  both 
model-data  comparisons.  The  poor  result  for  Test  1113871  was  mostly  due  to  the  models’ 
inaccurate  prediction  of  the  concentration  on  the  first  transect,  which  was  caused  by  the  use  of  the 
10-m  wind  direction  from  the  micrometeorological  tower  in  the  center  of  the  sampling  grid. 


Table  7. 1  Model-data  correlation  coefficients  for  mean  concentrations  in  the  unstable 

dispersion  tests.  The  comparison  is  for  data  with  -2ay  <  y  <  +2ay  and  c 
>  0.01  mg/m3.  The  number  of  points  which  meet  this  criteria  is  indicated 
m  the  table.  Each  data  value  is  compared  with  the  iiKxlel  prediction  for  the 
same  point  and  an  average  correlation  coefficient  is  calculated  for  each 
test. 


Test 

Gaussian 

Mixed 

Number  of 
points 

1103871 

0.81 

0.81 

19 

1104872 

0.82 

0.81 

26 

1106871 

0.96 

0.96 

25 

1112871 

0.89 

0.90 

19 

1113871 

0.46 

0.47 

18 

0921871 

0.80 

0.80 

12 

0923871 

0.91 

0.90 

18 

0926871 

0.90 

0.89 

15 

Average/total 

0.82 

0.82 

152 

We  may  also  compare  the  ratio  of  the  model  prediction  to  the  measured  mean  value,  which 
follows  a  lognormal  distribution.  The  geometric  mean  p  of  the  set  of  ratios  is  the  average  bias 
between  the  model  and  the  data  set  The  width  of  the  distribution  of  ratios  is  given  by  the  geomet¬ 
ric  standard  deviation  Og  which  is  always  greater  than  one.  On  average,  68%  of  the  data  values 
will  be  within  +pOg  to  -p/Og  of  p.  This  is  an  asymmetrical  confidence  interval.  Since  the  average 
bias  p  is  not  always  one,  we  find  that  68%  of  the  data  points  will  be  within  a  multiplier  of  CTg  exp  {I 
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In  (}x)  1}  of  the  model  prediction  and  95%  of  the  data  points  will  be  within  a  factor  of  20g  exp{  I  In 
(|i)  1}  of  the  model  prediction. 

Calculated  values  of  the  geometric  mean  and  the  geometric  standard  deviation  for  this  data  set 
are  given  in  Table  7.2.  Also  shown  are  factors  for  the  model-data  agreement  using  a  confidence 
interval  of  68%. 


Table  7.2  Comparison  of  models  to  mean  concentration  data  on  a  point  by  point 

basis.  The  geometric  average  ratio  Cmodei/Cdau  between  the  model  and 
data  is  given  along  with  the  geometric  standard  deviation  of  the 
distribution.  The  68%  confidence  interval  is  a  multiplicative  factor. 


Gaussian  model 

Mixed-layer  naodel  | 

Test 

68%o  C.I. 

Og 

68%  C.  I. 

1103871 

0.926 

4.40 

4,75 

1.31 

3.93 

5.15 

1104872 

1.14 

3.11 

3.50 

4.50 

2.86 

12.87 

1106871 

1.77 

2.88 

4.92 

1.38 

2.50 

3.38 

1112871 

0.523 

5.04 

9.64 

.874 

3.62 

4.14 

1113871 

0.796 

4.29 

5.38 

1.02 

4.20 

4.28 

0921871 

1.64 

2.77 

4.54 

1.26 

1.98 

2.49 

0923871 

3.87 

3.81 

14.65 

1.42 

3.19 

4.53 

0926871 

1.43 

3.39 

4.85 

0.645 

3.33 

5.16 

Both  models  compare  favorably  with  the  data.  Overall,  the  mixed-layer  model  yields  slightly 
better  predictions,  especially  when  considering  that  he  poor  mixed-layer  result  for  Test  1 104871  is 
most  likely  a  consequence  of  the  near  neutral  conditions  at  the  time  of  the  test  (see  Table  4.1). 
Additional  discrepancies  between  model  predictions  and  data  measurements  may  be  due  to  inherent 
bias  in  the  models,  the  stochastic  nature  of  the  data,  or  errors  in  the  measurement  of  meteorological 
parameters.  From  a  practical  application  standpoint  the  later  can  be  the  most  troubling,  especially 
in  complex  terrain  settings  such  as  those  for  Tests  0921871,  0923871  and  0926871,  where  wind 
direction,  roughness  length,  and  surface-layer  scaling  parameters  are  rarely  homogeneous.  The 
method  of  analysis  itself  may  contribute  to  apparently  poor  model  performance  when  all  data  points 
are  equally  weighed.  To  improve  the  comparison  we  use  other  methods  to  predict  a  subset  of  the 
concentration  distribution.  In  many  cases  the  average  dimensions  of  the  plume,  spatially  averaged 
concentrations  within  the  cloud,  or  centerline  concentrations  are  of  more  interest  than  the  absolute 
position  of  the  field  of  mean  concentration. 
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For  the  stable  dispersion  results  we  have  no  straightforward  models  of  mean  concentration 
for  point-by-point  comparisons  because  of  the  complex  terrain-influenced  flow  in  the  winding 
valleys  of  the  Meadowbrook  test  site.  Some  aspects  of  the  dispersion  in  the  stable  tests  is  investi¬ 
gated  in  the  following  sections. 

7.1.2  Mean  Plume  Dimensions  and  Parameters 
Plume  Width 


For  the  crosswind  plume  width,  we  have  several  methods  for  prediction.  The  first  is 


Oy  =  <Jv  (  X  /  u,  ) 


(7..5) 


which  is  the  asymptotic  limit  for  small  travel  times  found  by  Taylor  (1921).  Gryning  et  al.  (1987) 
gives  an  equation  of  the  form 


Oy  =  Ov  (xAiJ 


(7.6) 


which  asymptotically  matches  Taylor's  theory  for  both  small  and  large  travel  times.  Using  a  ratio 
of  measured  to  predicted  values  we  have  the  geometric  mean )!,  the  geometric  standard  deviation 
Og,  and  multipliers  for  a  68%  confidence  interval  as  shown  in  Table  7.3. 

These  are  quite  reasonable  predictions  and  confidence  intervals.  The  average  error  factor  is 
1,37  using  Ov(x/u)  and  1.62  using  the  more  complicated  expression  from  Gryning  et  al.  (1987). 
We  note  that  the  stable  test  comparisons  only  includes  data  at  distances  less  than  250  m,  which  is 
before  the  plume  is  significantly  influenced  by  the  winding  valley. 


Crosswind-lnteerated  Concentration 


For  our  daytime  dispersion  tests,  we  examine  a  ratio  of  model  predictions  to  measured 
crosswind  integrated  ground  level  concentrations.  The  Gaussian  plume  model  is  given  by 


S  u. 


1  +y  (x/Ux)/tL,; 


(7.7) 


whereas  the  mixed-layer  scaling  is  given  by 


Cy  u. 


=  0.9 /T 


1 


,3/2 


w,(x/u,) 


(7.8) 


J 
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The  model-data  ratios  are  shown  in  Figures  7.1  and  7.2  for  our  unstable  tests  as  a  function  of  a 
dimensionless  mixed-layer  travel  time.  The  Gaussian  plume  model  exhibits  a  trend  with  distance 
from  the  source  which  does  not  agree  with  the  data.  The  mixed-layer  model  is  in  much  better 
overall  agreement  with  the  data.  Table  7.4  shows  the  errors  calculated  in  each  test  for  the  mixed- 


Table  7.3  Plume  width  model-data  comparison.  Agreement  is  close  for  all  of  our 
dispersion  tests,  including  both  stable  and  unstable  cases. 


ay/av(x/u) 

Gryning  data-model  ratio 

Test 

4 

68%  C.I. 

68%  C.I. 

1103871 

1.01 

1.18 

1.20 

1.26 

1.09 

1.38 

1104872 

1.03 

1.19 

1.23 

1.37 

1.22 

1.68 

1106871 

0.74 

1.31 

1.75 

1.07 

1.25 

1.35 

1112871 

0.98 

1.98 

1.65 

1.40 

1.63 

1.67 

1113871 

1.40 

1.91 

1.48 

1.65 

1.73 

1.88 

0921871 

1.19 

1.37 

1.64 

1.65 

1.34 

2.22 

0925871 

0.96 

1.23 

1.28 

1.28 

1.18 

1.52 

0927871 

0.80 

1.37 

1.71 

1.19 

1.28 

1.53 

0930871 

0.86 

1.30 

1.51 

1.30 

1.29 

1.68 

1001871 

1.03 

1.04 

1.07 

1.52 

1.10 

1.68 

1002871 

0.96 

1.05 

1.09 

1.38 

1.11 

1.53 

1003871 

0.97 

1.16 

1.19 

1.44 

1.12 

1.62 

Table  7.4  Mixed-layer  scaling  comparison  of  model  and  data  values. 


Test 

Cyjnixed 

«^g 

68%  C.I. 

1103871 

1.84 

1.34 

2.46 

1104872 

3.29 

1.56 

5.15 

1106871 

1.51 

1.92 

2.90 

0921871 

1.42 

- 

- 

0923871 

1.36 

- 

- 

0926871 

0.71 

1.21 

1.71 

1  Averages  | 

Fog-oil  tests 

1.73 

1.84 

3.18 

Nieuwstadt  data 

1.24 

1.48 

1.84 
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Figure  7.1  The  ratio  of  predicted  to  measured  crosswind  integrated  concentration 
using  the  Gaussian  plume  model.  The  values  are  presented  as  a  function 
of  a  dimensionless  downwind  distance  using  mixed-layer  scaling 
variables. 
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Figure  7.2  The  ratio  of  predicted  to  measured  crosswind  integrated  concentration 
using  the  mixed-layer  scaling  model  from  Nieuwstadt  (1980b).  The 
values  are  presented  as  a  function  of  a  dimensionless  downwind  distance, 
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layer  model  along  with  the  same  calculations  for  the  Prairie  Grass  data  used  by  Nieuwstadt 
(1980b)  in  developing  the  model.  This  comparison  extends  the  applicability  of  the  mixed-layer 
scaling  to  -zJL  >  4.5  from  -Zj/L  >  10  for  the  data  set  used  by  Nieuwstadt. 

The  good  agreement  for  the  flat-terrain,  mixed-layer  model  in  the  gently  rolling  terrain  of  the 
Meadowbrook  dispersion  site  is  encouraging.  This  may  not  be  a  general  result,  but  instead  could 
be  due  to  the  locally  flat  terrain  near  the  unstable  release  point. 

For  our  stable  tests,  no  simple  model  is  applicable  because  of  the  dominant  terrain  effects. 
By  scaling  these  data  with  the  expression  UxCy/q  and  using  local  values  of  the  wind  speed,  UxCy/q 
appears  to  be  only  a  function  of  downwind  distance.  All  measured  values  of  UxCy/q  are  within  a 
factor  of  3  of  the  overall  average  value  at  each  downwind  distance  to  3000  m  from  the  source. 
This  average  data  fit  is  given  by  UxCy/q  =  3.4  x-^/^,  with  x  as  the  distance  along  the  plume  path. 

Gaussian  Mean  Concentration  Profile 


Also  of  interest  is  the  shape  of  the  crosswind  profile.  For  crosswind  scaling  of  the  unstable 
dispersion  tests  within  ±2y/ay,  we  find  no  bias  in  assuming  a  Gaussian  shape.  Measured  values 

of  c(x,y/ay)/c(x,y/ay=0)  are  compared  with 


c(x,y) 

c(x,0) 


(7.9) 


in  Table  7.5  for  the  individual  dispersion  tests.  These  values  for  the  unstable  tests  are  within  a 
factor  of  3.9  of  the  Gaussian  profile  for  a  68%  confidence  interval.  This  indicates  considerable 
random  scatter  in  the  data  values  but  no  bias  in  the  Gaussian  profile  is  evident. 

For  the  tests  conducted  under  stable  conditions,  a  Gaussian  profile  is  compared  with 
measurements  near  the  source  for  Transects  2  and  3.  This  is  also  shown  in  Table  7.5.  We  find 
considerable  random  error  and  bias  in  assuming  a  Gaussian  profile  for  the  data.  This  is  most  likely 
due  to  the  change  in  surface  character  over  the  test  grid. 


7.2  Fluctuating  Concentrations 

7.2.1  Intermittency  and  the  Standard  Deviation  in  Concentration 

We  have  examined  our  data  set  for  factors  such  as  the  intermittency  in  concentration  I,  and 
the  concentration  fluctuation  intensity  Oc/c.  In  terms  of  the  crosswind  scaling  y/Oy,  these  values 
are  given  b 
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Table  7.5  Gaussian-plume  shape  scaling. 


Test 

68%  C.I. 

1  Unstable  | 

1103871 

1.164 

2.99 

3.48 

1104872 

1.181 

1.96 

2.32 

1106871 

1.327 

2.69 

3.58 

0921871 

1.089 

2.38 

2.60 

0923871 

1.846 

1.77 

3.28 

0926871 

1.343 

2.06 

2.77 

1  Stable  1 

0925871 

0.532 

3.48 

6.54 

0927871 

0.285 

3.33 

11.64 

0930871 

0.272 

11.05 

40.53 

1001871 

0.199 

8.95 

44.80 

1002871 

0.111 

5.74 

51.30 

and 


—  =  a  exp 
c 


/ 


- 

- 

I  = 

a}  exp 

(zoj 

+1 

(7.10) 


(7.11) 


with  a  as  an  empirical  parameter. 

For  qJc  and  I,  measured  values  are  compared  with  the  model  predictions  in  Table  7.6. 
For  all  tests  the  Oc/c  data  is  within  a  factor  of  3.3  of  the  predicted  value  and  I  is  within  a  factor  of 
3.8.  This  includes  the  HC  tests  because  both  Oc/c  and  I  are  completely  characterized  by  the 
aerosol  photometer  measurements.  This  is  an  optimization  of  the  a  parameter  in  each  test  for  both 
Eqs.  7.10  and  7.11. 

The  intermittency  can  also  be  estimated  as  a  function  of  the  fluctuation  intensity  Oc/c  through 


1  = 


(7.12) 
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Table  7.6  Concentration  fluctuation  intensity.  All  data  are  for  y  <  ±  2ay. 


[CJc/^nieasured/  [®c/^  model 

Imodel/Idata 

Test 

68%  C.I. 

4 

68%  C.I.  1 

1  Unstable  | 

0921871 

0.73 

1.47 

2.00 

0.72 

2.01 

2.78 

0923871 

0.42 

1.95 

4.66 

0.54 

3.80 

7.02 

0926871 

0.55 

1.99 

3.62 

0.50 

2.50 

5.04 

1103871 

0.72 

1.94 

2.70 

0.45 

1.76 

3.89 

1104872 

0.58 

1.86 

3.20 

0.91 

2.03 

2.23 

1106871 

0.53 

1.84 

3.45 

1.00 

1.76 

1.76 

1112871 

0.59 

2.20 

3.76 

0.80 

2.18 

2.73 

1113871 

0.49 

2.16 

4.39 

1.53 

2.74 

4.19 

1  Stable  1 

0925871 

0.59 

1.97 

3.32 

0.62 

3.08 

4.99 

0927871 

0.67 

2.02 

3.01 

0.32 

3.12 

9.88 

0930871 

0.52 

2.11 

4.08 

0.75 

7.69 

10.22 

1001871 

0.39 

1.49 

3.86 

0.72 

3.86 

5.37 

1002871 

0.58 

1.85 

3.18 

0.77 

2.00 

2.59 

Average  for  all  tests 

0.57 

1.91 

3.34 

0.74 

2.79 

3.76 

The  error  in  the  ratio  of  predicted  to  measured  values  of  I  are  given  in  Table  7.7.  This  error  is 
much  less  than  predictions  of  I  based  on  y/Oy  and  results  in  an  average  68%  confidence  interval 
factor  of  only  1.41.  This  agreement  is  a  test  of  the  validity  of  the  probability  distribution  for 
concentration  on  which  Eq.  7.12  is  based. 

We  may  also  test  the  model  of  the  concentration  probability  distribution  by  examining  the 
ratio  of  conditional  standard  deviation  concentration  Oc,s  to  the  conditional  mean  concentration  Cs. 
Both  measures  include  only  data  for  which  c  >  0.  For  each  test  the  average  value  of  this  ratio, 
which  should  be  unity,  is  given  in  Table  7.7.  This  value,  however,  is  always  smaller  because  of 
the  underestimate  in  Oc.s  caused  by  the  finite  bandwidth  of  the  instrument  and  clipping  of  the 
concentration  signal.  A  Chi-square  test  on  the  fit  of  the  data  histogram  to  the  exponential 
distribution  given  by 


P(c)  =  1-1  exp 


(7.13) 
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Table  7.7  Intermittency  errors  and  conditionally  averaged  data  ratios. 


I(Oc/c)model/  Idau 

Oc,s/Cs 

Tests 

68%  C.I. 

68%  C.I. 

1  Unstable  | 

0921871 

0.99 

1.32 

1.34 

0.88 

1.66 

1.89 

0923871 

1.44 

1.18 

1.69 

0.73 

1.48 

2.02 

0926871 

1.18 

1.16 

1.37 

0.86 

1.27 

1.48 

1103871 

1.09 

1.30 

1.41 

0.87 

1.38 

1.58 

1104872 

1.18 

1.23 

1.44 

0.76 

1.48 

1.95 

1106871 

0.98 

1.21 

1.24 

0.93 

1.30 

1.39 

1112871 

1.04 

1.20 

1.25 

0.98 

1.23 

1.26 

1113871 

1.14 

1.25 

1.42 

0.83 

1.40 

1.70 

1  Stable 

0925871 

0.95 

1.29 

1.36 

0.83 

1.49 

1.81 

0927871 

1.21 

1.41 

1.70 

0.80 

1.66 

2.09 

0930871 

1.05 

1.28 

1.35 

0.79 

1.42 

1.81 

1001871 

1.00 

1.39 

1.39 

0.89 

1.32 

1.49 

1002871 

1.34 

1.18 

1.58 

0.65 

1.27 

1.96 

always  yields  a  greater  than  95%  confidence  interval  for  each  record  of  concentration  when  the 
clipped  region  of  the  distribution  for  large  c/c  is  neglected. 

7.2.2  Temporal  Measures  of  the  Concentration  Fluctuations 

We  have  assumed  the  integral  scale  of  concentration  measured  at  a  point  is  a  constant  in  a 
given  dispersion  test.  In  examining  the  set  of  values  found  within  a  test,  no  correlation  between 
the  concentration  integral  scale  and  spatial  position  is  evident.  The  individual  values  do  show 
considerable  scatter.  For  the  unstable  dispersion  tests,  using  the  ratio  of  (Xc,!  -  '^c)l'^c  with  the  test 
average  given  by  Xc  and  individual  sampler  values  indicated  by  Xc,i  gives  a  standard  deviation  for 
the  entire  unstable  data  set  of  0.51.  Our  limited  duration  experiments  and  the  high  fluctuation 
intensity  in  the  concentration  records  are  partly  responsible  for  the  scatter  in  the  set  of  integral  scale 
values.  Determining  the  true  spatial  variation  in  the  integral  scale  requires  a  more  complete  and 
precise  data  set  than  we  have  acquired. 
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The  variation  in  Xc  with  differing,  unstable  atmospheric  conditions  is  shown  in  Figure  7.3. 
This  shows  that  Xc  increases  with  increasing  instability.  This  increase  is  consistent  with  the  shift  in 
the  velocity  spectra  to  lower  frequencies  as  shown  by  Hpjstrup  (1982).  The  error  bars  in  this 
graph  indicate  the  scatter  in  the  set  of  Xc,i  values  in  each  test 

The  integral  scales  of  concentration  found  in  our  stable  dispersion  tests  are  inhomogeneous  in 
individual  tests.  Variation  in  Xc.i  is  likely  due  in  part  to  to  the  changing  surface  character  of  the 
dispersion  site.  For  samplers  located  in  the  open  area  of  the  test  grid,  the  integral  scale  is  relatively 
constant.  For  the  samplers  located  within  an  area  of  forest  canopy,  the  integral  scale  is  consider¬ 
ably  greater. 

We  have  shown  that  the  concentration  integral  scale  Xc.i  is  approximately  equal  to  the  average 
burst  duration  1Ati(0)  for  the  same  sampler.  This  is  a  relation  between  two  different  measured 
quantities.  The  integral  scale  is  derived  firom  the  autocorrelation  of  the  signal.  The  average  burst 
duration  is  found  from  a  conditional  analysis  of  the  concentration  record  for  the  duration  of  events 
with  c>  0.  Both  quantities  are  only  a  weak  function  of  spatial  position.  The  error  in  this  approx¬ 
imation  is  shown  in  Table  7.8  for  all  of  our  dispersion  tests. 

We  also  have  the  relation  lAu(0)  =  I  [lA.].  This  equates  the  average  burst  duration  lAu(O) 
to  the  product  of  concentration  intermittency  I  and  the  duration  between  burst  events  IfK.  Both  \fk 
and  I  are  functions  of  the  crosswind  position  y/Oy.  The  error  in  this  ratio  is  given  in  Table  7.8  for 
each  dispersion  test. 

Although  we  cannot  easily  calculate  the  expected  error  in  the  integral  scale  Xc,i,  we  know  Xc,i 
~  1/Xu(0),  and  we  can  estimate  errors  in  1/Xu(0).  This  value  indicates  the  average  of  a  set  of  time 
intervals  for  which  c>  0.  The  probability  density  function  of  these  intervals  is  given  by 

p(t)  =  Xu(0)exp  [-Xy(0)t]  (7.14) 

which  has  a  mean  of  lAu(O)  and  a  variance  (lAu(0))2.  If  each  of  these  time  intervals  is  uncorre¬ 
lated  with  other  intervals,  estimates  of  the  mean  value  1  Au(0)  taken  over  a  long  time  period  should 
be  normally  distributed.  The  error  in  this  mean  is  given  by 

N  (7.15) 


with  N  as  the  number  of  events  in  the  sampling  period  T.  This  is  given  by 

T  T 

"  (W  "  (1A^(0))/I 

where  (lA)  is  the  average  duration  between  events  and  (lAu(O))  is  the  event  duration. 
Substituting  the  mean,  variance  and  Eq.  7.16  into  Eq.  7.15  gives 
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scales  measured  in  each  test. 


Table  7.8  Comparison  of  the  integral  scale  and  the  mean  burst  durations.  I  >  0.1 
and  lyl  <  2ay  for  all  data  in  this  table.  The  first  comparison  is  the  ratio  of 
the  integral  scale  of  concentration  to  the  average  duration  of  periods  of 
time  for  which  c>  0.  The  second  comparison  examines  the  relationship 
between  the  average  duration  of  the  periods  of  time  for  which  c>  0,  the 
period  between  these  events,  and  the  intermittency. 


Xc.i/(lAu(0)) 

[1A1I/[1A„(0)] 

Test 

68%  C.I. 

Og 

68%  C.I. 

1  Unstable  | 

0921871 

1.44 

1.57 

2.26 

0.74 

1.10 

1.49 

0923871 

1.55 

1.24 

1.93 

0.79 

1.11 

1.39 

0926871 

1.33 

1.12 

1.50 

0.84 

1.06 

1.27 

1104872 

1.47 

1.47 

2.15 

0.71 

1.34 

1.89 

1106871 

1.50 

1.67 

2.51 

0.82 

1.23 

1.51 

1112871 

1.22 

1.71 

2.08 

0.82 

1.18 

1.44 

1113871 

1.75 

2.44 

4.27 

0.80 

1.05 

1.30 

Unstable  average 

1.41 

1.57 

2.21 

0.79 

1.19 

1.51 

1  Stable 

0925871 

0.51 

2.70 

5.26 

0.70 

1.22 

1.74 

0927871 

0.70 

2.50 

3.60 

0.25 

3.44 

13.65 

0930871 

0.46 

2.45 

5.37 

0.56 

1.43 

2.56 

1001871 

0.43 

2.40 

5.58 

0.58 

1.28 

2.22 

1002871 

0.39 

3.03 

7.85 

0.60 

1.29 

2.14 

1103871 

1.18 

1.67 

1.96 

0.85 

1.08 

1.27 

Stable  average 

0.47 

2.57 

5.52 

0.53 

1.84 

3.47 

^oA(O))  _  /  (lAu(O)) 

[lAu(O)]  V  TI  (7.17) 

for  the  relative  error.  Calculations  using  the  measured  experimental  data  gives  an  average  value  for 
this  relative  error  of  0. 13  ±  0.04  for  data  within  ±  2y/sy.  This  error  is  consistent  throughout  each 
of  the  tests.  It  is  also  smaller  than  the  spatial  variation  in  average  burst  durations  found  in  a  given 
test. 


414 


7.3  Standard  Deviation  in  Time  Averaged  Mean  Concentrations 


There  is  an  inherent  error  between  a  true  mean  and  a  measured  or  predicted  mean.  With  the 
information  just  presented,  we  are  able  to  estimate  the  confidence  interval  for  our  own  measured 
mean  concentrations  using 


a_ 

_ c 

C 


C 


V 


2Tc 


(7.18) 


from  Bendat  and  Piersol  (1971)  with  the  total  sampling  time  T  >  Xc.  Results  of  these  calculations 
are  given  in  Table  7.9.  These  resulting  values  of  Oe/c  ~  1  the  presence  of  significant  errors  in  a 
mean  value  measurements.  Because  of  the  approximately  one  hour  limitation  for  our  quasi-station- 
ary  microscale  analysis,  and  the  consistently  large  values  of  Xc/T  and  cjc,  we  will  always  have  a 
severe  constraint  on  the  precision  of  both  mean  concentration  data  and  nxxiels  predictions. 


Table  7.9  Errors  in  the  mean  concentrations  measured  in  the  dispersion  tests.  Actual 
values  of  the  test  duration,  fluctuation  intensity,  and  integral  scales  are 

used  to  find  Oc/c. 


Test 

Maximum 

Mean 

a  of  CTc/c 

1  Unstable  | 

0921871 

1.78 

1.01 

0.55 

0923871 

2.52 

1.08 

0.80 

0926871 

2.24 

0.93 

0.74 

1103871 

0.33 

0.21 

0.08 

1104872 

1.17 

0.44 

0.24 

1106871 

0.67 

0.37 

0.15 

1112871 

0.95 

0.39 

0.28 

1113871 

1.13 

0.59 

0.40 

1  Stable  1 

0925871 

5.48 

1.07 

1.36 

0927871 

1.08 

0.52 

0.40 

0930871 

4.89 

0.89 

1.09 

1001871 

1.27 

0.72 

0.29 

1002871 

2.10 

0.75 

0.59 
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7.4  CooHdence  Level  Predictions 


In  hazard  estimates  it  is  desirable  to  predict  a  concentration  level  which  has  a  given  proba¬ 
bility  of  being  exceeded  rather  than  just  the  mean  concentration.  In  practical  applications  these 
particular  concentration  levels  may  be  threshold  levels  for  biological  damage  or  explosive  limits  for 
combustible  gases.  Using  the  exponential  probability  distribution  given  by 


P(c)  =  1-1  exp 


.ic  ' 

c  . 


(7.19) 


and  the  model  for  I  given  by 


1=2  a  exp  2^21+1 


(7.20) 


we  find 


c^(x,y) 

c(x,y) 


l(P(c^)-l)  «exp  ^  -Kl 


2o5 


(7.21) 


Using  a  value  for  P(c^)  =  4  in  the  range  of  1 -I  <  P(c^)  <  1,  and  a  valid  model  for  the  mean  concen¬ 
tration  c(x,y),  we  can  find  the  field  of  concentration  c^(x,y)  which  has  a  given  probability  of  being 
exceeded. 

For  ^  =  0.99,  experimentally  measured  values  of  C99(x,y)/c(x,y)  in  our  dispersion  tests  are 
plotted  with  the  model  of  Equation  7.21  in  Figure  7.4.  Two  plots  are  given,  one  each  for  the 
unstable  and  stable  dispersion  tests.  In  these  plots,  the  parameter  a  is  estimated  from  a  fit  of  the 
concentration  fluctuation  intensity  data.  Errors  in  the  values  of  C99(x,y)/c(x,y)  found  in  this 
comparison  are  summarized  in  Table  7.10.  On  average,  the  data  taken  under  unstable  conditions  is 
within  a  factor  of  2.5  of  the  model  value.  The  stable  test  values  are  within  a  factor  of  3.2  of  the 
predicted  values.  We  note  that  the  overall  average  value  of  C99(x,y)/c(x,y)  from  the  data  is  15. 
This  shows  there  is  a  significant  difference  between  mean  concentrations  and  expected  maximum 
concentrations. 
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Figure  7.4  Comparison  of  concentration  levels  for  which  P(c)  =  0.99  with  model 
predictions  given  in  Eq.  7.21  for  the  unstable  dispersion  data.  The  99th 
percentile  concentrations  are  scaled  by  the  mean  concentrations. 
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Figure  1 A  (continued)  Comparison  of  concentration  levels  for  which  P(c)  =  0.99  with 
model  predictions  given  in  Eq.  7.21  for  Transects  2  and  3  in  the 
Mcrdowbrook  stable  dispersion  tests.  The  99th  percentile  concentrations 
are  scaled  by  the  mean  concentrations. 


Table  7.10  Enors  in  the  ratio  of  measured  to  predicted  C99  for  the  dispersion  tests 


C99(x,y)/c(x,y) 


Test 


1103871 


1104872 


1106871 


1112871 


1113871 


0921871 


0926871 


Unstable  average 


0925871 


0927871 


0930871 


1001871 


1002871 


Stable  average 


68%  C.I. 

1.83 

3.97 

1.45 

2.56 

1.23 

1.62 

1.30 

2.36 

1.43 

2.41 

1.73 

2.06 

1.70 

1.92 

1.70 

2.48 

1.77 

1.93 

2.55 

5.06 

2.20 

3.71 

1.60 

1.66 

1.77 

4.18 

2.13 

3.22 

7.5  Empirical  Concentration  Model  Summary 

For  our  unstable  dispersion  tests,  we  have  found  mean  crosswind-integrated  concentrations 
to  agree  with  the  mixed- layer  model  given  by  Nieuwstadt  (1980b).  This  is  given  by 

Cv  u,  f  1 


Our  data  cover  a  range  in  stability  of  -4.5  >  Zi/L  >  -45  and  (x/zi)/(ux/w^)  <  1.  The  source  in  these 

tests  was  between  1  to  2  m  above  the  surface.  Mean  concentration  measurements  were  made  at 
heights  of  1  to  8  m  above  the  surface.  No  definite  gradient  in  mean  concentration  is  seen  over  this 


range  in  sampling  heights.  Model  values  of  Cy  are  within  a  factor  of  3.2  of  the  measured  concen¬ 
trations  for  a  68%  confidence  interval.  Plume  widths  are  best  represented  by 


Oy  =  Ov  (  X  /  u, ) 


(7.23) 
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with  OvAIx  taken  as  an  average  over  the  test.  Model  values  are  within  a  factor  of  1.4  of  the  data 
values  using  this  equation  with  a  68%  confidence  interval.  The  plume  centerline  concentration  is 
given  by 

c  (x) 

If  small  errors  in  the  absolute  position  of  the  centerline  are  accepted,  measured  centerline  concen¬ 
trations  will  be  within  a  factor  of  3.2  x  1.4  =  4.5  of  the  measured  value  for  a  68%  confidence 
interval,  or  within  a  factor  of  9  for  a  95%  confidence  interval. 

Our  stable  dispersion  tests  were  strongly  influenced  by  the  local  terrain.  It  is  unhkely  that  the 
mean  concentration  values  in  these  tests  have  general  applicability  to  other  dispersion  sites.  We 
have,  however,  found  that  the  near-field  plume  width  at  distances  less  than  250  m  is  adequately 
represented  by  Oy  =  Ov  (x.'ux),  and  the  crosswind-integrated  concentration  is  fitted  b>  ucy/q  =  3.4 
x-3/4  vvithin  a  factor  of  3  for  a  68%  confidence  interval  over  the  entire  3000  m  of  plume  travel. 
Other  resi  .s  for  fluctuating  data  in  the  stable  tests  which  are  normalized  by  the  mean  concentration 
values  may  have  a  more  general  application  than  the  mean  concentration  field  alone. 

The  large  scatter  between  mean  concentration  values  and  model  predictions  is  due  to  the  error 
inherent  in  mean  concentration  measurements  and  predictions,  where  we  have  found  Oj/c  ~  1  for 
one  hour  dispersion  tests.  This  poses  limitations  on  using  mean  concentrations  for  hazard  es'i- 
mates  from  accidental  releases  of  toxic  materials  or  pollutants.  Predictions  of  a  concentration  field 
with  a  set  probability  P(c^  =  ^  of  being  exceeded  may  be  made  using 


for  the  distribution  of  c^.  The  centerline  concentration  c(x,0)  and  plume  width  Oy  are  found  from 
the  above  model  equations.  The  parameter  a  =  Oc(x,0)/c(x,0)  was  found  to  vary  between  1.5  to  3 
for  our  tests,  with  the  larger  value  applying  in  more  unstable  conditions  and  the  smallest  value 
applying  in  stable  conditions.  For  relative  ratios  of  c^(x,y)/c(x,y)  this  model  has  agreed  with  the 
data  within  a  factor  of  3.2  for  a  68%  confidence  interval  at  the  ^  =  99%  level.  Since  this  is  a 
smaller  margin  of  error  than  for  the  mean  concentration  itself,  this  equation  may  be  used  direct’y, 
with  a  safety  factor  applied  only  to  the  mean  centerline  concentration  c(x,0). 

Another  possible  significant  error  in  the  exceedance  level  model  is  added  through  the  vari¬ 
ability  in  the  direction  of  the  mean  wind.  This  variability  should  be  included  in  the  estimate  ot  the 
hazardous  area,  rather  than  just  including  the  isopleths  in  c^  predicted  by  Eq.  7.25.  Based  on 


information  from  the  Federal  Emergency  Management  Agency  (1989)  and  Hanna  et  al.  (1982)  we 
have  a  90%  confidence  interval  that  a  plume  will  remain  within  a  120°  arc  for  unstable  cases,  or 
within  a  40°  arc  for  stable  •'onditions.  This  criteria,  along  with  centerline  predictions  of  c^  from 
Eq.  7.25  can  be  used  in  a  hazard  prediction  model.  Longer  term  releases  should  include  even 
greater  arc  widths,  determined  through  a  study  of  the  site  meteorology.  For  light  and  variable 
winds,  it  may  be  necessary  to  include  a  circumferential  area  about  the  source  location. 
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8.  CONCLUSIONS 


A  great  number  of  microscale  atmospheric  dispersion  measurements  and  models  have 
focused  on  the  behavior  of  mean  concentrations.  With  the  use  of  proper  modeling  techniques 
unbiased  estimates  of  mean  concentration  can  be  made,  but  a  large  variability  is  always  seen 
between  prediaed  and  observed  values. 

We  have  carried  out  a  number  of  atmospheric  dispersion  measurements  which  included 
measurements  of  the  instantaneous  concentration  field.  Reduction  of  these  data  has  shown  values 
of  concentration  flucmation  intensity  of  Oe/c  in  the  range  of  1.5  to  3  near  the  plume  centerline  over 
a  wide  range  of  atmospheric  conditions.  Near  the  plume  edge  we  find  values  which  range  as  high 
as  15.  Estimates  of  the  variability  in  mean  concentrations  give  Oc/c  ~  1  for  averages  taken  over  an 
hour.  This  is  a  significant  error  in  a  mean  value  measurement  and  shows  a  fundamental  limit  in  the 
precision  of  both  model  predictions  and  experimental  concentration  measurement  ’n  ‘he  atmo¬ 
sphere.  This  result  also  raises  questions  on  the  validity  of  using  mean  concentration  values  for 
hazard  assessments. 

8.1  Meteorology  and  Mean  Concentration  Measurements 

Otir  experimental  measurements  were  taken  in  the  period  from  September  through  November 
in  1987  at  two  different  sites.  One  site  was  at  Camp  Atterbury,  Indiana.  The  other  site  was  near 
Red  Bluff,  California  in  the  foothills  of  the  Sierra  Nevada  mountains. 

8.1.1  Camp  Atterbury  Dispersion  Measurements 

The  Camp  Atterbury  site  provides  nearly  flat  terrain.  The  roughness  height  at  this  site  was 
0.1  m  and  reflected  contributions  from  surface  vegetation,  trees,  and  small  hills.  All  tests  were 
conducted  in  the  daytime  under  unstable  meteorological  conditions.  The  meteorological 
measurements  at  this  site  conformed  to  flat-terrain  boundary-layer  scaling.  Values  of  the  stability 
parameter  Zi/L  were  in  the  range  of  -4.5  to  -45.  More  unstable  values  of  zJL  are  not  found  at  this 
site  by  virtue  of  both  the  late  fall  test  period  and  the  large  roughness  height 

Two  different  smoke  types  were  used  in  the  Camp  Atterbury  tests:  fog-oil  and 
hexachloroethane  (HC).  Samplers  were  located  on  five  crosswind  lines  at  distances  of  100  m,  200 
m,  300  m,  500  m,  and  800  m  from  the  source.  Due  to  overloading  of  the  filters  during  the  tests, 
many  of  the  raw  data  required  adjustment  to  account  for  the  reduced  flowrates  caused  by  filter 
clogging.  This  correction  assumed  an  exponential  drop  in  the  collection  efficiency  after  a  threshold 
loading  was  reached.  When  the  corrected  results  are  employed  the  data  agree  well  with  mixed- 
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layer  scaling  niodels.  The  data  acquired  using  fog-oil  smoke  conformed  to  mixed-layer  scaling 
within  the  range  of  experimental  uncertainty. 

8.1.2  Meadowbrook  Dispersion  Measurements 

The  Meadowbrook  site  is  located  in  gently  rolling  terrain  in  the  foothills  of  the  Sierra  Nevada 
mountains.  The  dominant  terrain  feature  at  this  site  is  a  bifurcating  valley  running  the  length  of  the 
test  site  in  an  east-west  direction.  Both  the  elevation  and  vegetation  varied  throughout  the  5-km 
X  5-km  site.  The  terrain  strongly  influenced  the  diurnal  change  in  meteorology.  During  nighttime 
hours  the  gravity-driven  winds  follow  the  downward  slope  of  the  valley.  Daytime  winds  reverse 
to  the  upslope  direction.  All  dispersion  tests  at  this  site  were  conducted  using  the  fog-oil  smoke. 

The  unstable  dispersion  tests  were  conducted  during  the  period  from  midmoming  to 
midaftemoon.  The  l-km^  unstable  test  site  was  relatively  flat  and  open  with  a  uniform  ground 
cover.  Meteorological  data  from  the  towers,  sonic  anemometers,  and  soundings  conformed  fairly 
well  to  flat-terrain  boundary-layer  scaling.  For  the  dispersion  tests  in  which  good  results  were 
obtained  the  stability  parameter  Zi/L  were  in  the  range  of  -4.0  to  -20.  Concentration  data  were 
taken  on  crosswind  transects  at  distances  of  25  m,  150  m,  and  250  m  from  the  source.  These 
dispersion  data  follow  mixed-layer  scaling  in  good  agreement  with  flat  terrain  data. 

The  stable  tests  were  conducted  in  a  period  from  late  evening  to  just  after  dawn.  The  winds 
during  the  night  followed  the  downward  slope  of  the  terrain  in  the  canyons  and  valleys.  It  is  likely 
that  the  surface-layer  winds  were  uncoupled  from  the  upper-level  winds  during  this  period. 
Concentration  measurements  were  made  in  lines  perpendicular  to  the  valley  centerline  at  downwind 
distances  of  25  m,  150  m,  250  m,  500  m,  1800  m,  and  4000  m.  Crosswind-integrated 
concentration  measurements  of  the  smoke  plume  were  very  consistent  throughout  all  the  tests. 
Although  it  is  beyond  the  scope  of  this  report  to  offer  a  detailed  model  of  the  stable  dispersion,  we 
have  analyzed  the  near-field  concentration  data  which  may  not  be  influenced  by  the  valley  width. 
A  more  general  model  of  mean  dispersion  could  be  based  on  the  wind  field  through  each  of  the 
valleys  in  the  bifurcating  canyon  which  comprises  the  test  site. 

8.2  Fluctuating  Concentration  Measurements 

From  analysis  of  the  fluctuating  concentration  measurements  we  have  found  a  suitable  form 
for  the  probability  density  function  in  concentration.  Intermittency  at  points  within  the  plume  is 
defined  as  the  fraction  of  time  that  smoke  is  present  at  the  location.  Near  the  plume  centerline  the 
intermittency  varies  between  0.3  to  0.6.  At  the  plume  edges,  this  intermittency  can  be  smaller  than 
0.01.  For  the  fraction  of  time  that  smoke  is  present,  the  concentration  follows  an  exponential 
distribution.  This  overall  probability  distribution  means  that  concentrations  arc  likely  to  be  lower 
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than  the  mean  concentration  or  zero  for  a  significant  fraction  of  time  during  any  release.  There  is 
also  a  significant  probability  that  concentrations  may  be  10  to  20  times  greater  than  the  mean  value 
when  material  is  present  at  a  given  sampling  position. 

In  this  report,  a  model  is  presented  for  estimating  concentration  fields  c^(x,y)  which  have  a 
specified  probability  of  being  exceeded  P(c)  =  ^  in  any  given  release  period.  This  method  is 
directly  applicable  to  continuous  release  plumes  and  is  useful  in  predicting  areas  for  which  toler¬ 
ance  levels  will  be  exceeded.  From  basic  probability  theory,  we  can  extend  these  models  from  a 
constant  source  strength  q,  to  cases  in  which  q  is  a  stochastic  variable.  This  approach  is  applicable 
to  instantaneous  or  short  term  releases  of  pollutants  or  toxic  materials  and  is  especially  useful  in 
cases  for  which  the  release  rate  is  not  well  characterized. 

In  investigating  the  standard  deviation  in  concentration  we  have  found  a  self-preserving 
scaling  in  the  crosswind  direction  and  a  constant  centerline  ratio  of  a  =  Gc(x,0)/c  within  a  given 
test.  Both  results  are  consistent  with  models  presented  by  Durbin  (1980)  and  Csanady  (1973). 
The  conservative  nature  of  the  concentration  variance  field  is  due  to  the  very  high  mass  P6clet 
numbers  in  our  atmospheric  dispersion  tests.  The  range  of  a  values  we  have  measured  are  in  the 
range  of  1.5  to  3.0.  The  smaller  values  are  for  the  stable  dispersion  tests,  whereas  the  largest 
values  are  for  the  unstable  tests  at  the  Meadowbrook  site. 

The  invariance  of  a  within  a  test  is  probably  a  result  of  the  limited  downwind  range  of  our 
measurements.  Our  sampling  distances  always  are  less  than  the  Lagrangian  integral  scale  and 
are  also  removed  from  source  effects.  Laboratory  measurements  by  Fackrell  and  Robins  (1982a) 
and  a  model  given  by  Kaplin  and  Dinar  (1988)  both  show  that  a  is  nearly  constant  within  our 
sampling  range  but  is  more  generally  a  function  of  distance  from  the  source.  Further  investigation 
of  the  behavior  of  a  as  a  function  of  turbulent  integral  scale,  source  size,  and  downwind  distance 
in  atmospheric  dispersion  is  a  valid  direction  for  future  research. 

Spectral  investigation  of  the  concentration  fluctuations  has  shown  a  -5/3  power-law  behavior 
for  Scc(n)  versus  n  in  most  of  our  measurements.  We  should  have  only  small  errors  in  estimates 
of  o|  due  to  the  limited  high-frequency  response  of  our  instruments.  This  -5/3  spectral  range 
extends  to  lower  fiequencies  than  the  inertial  subrange  measured  for  velocity. 

The  only  cases  for  which  a  -5/3  spectral  scaling  range  for  concentration  did  not  occur  was  for 
isolated  samplers  in  the  stable  dispersion  tests.  These  samplers  were  located  either  near  the  source 
or  within  the  forest  canopy.  The  samplers  near  the  source  may  have  been  influenced  by  a  core 
region  of  the  plume  or  regions  of  non-turbulent  fluid.  Within  the  forest,  the  inertial-convective 
subrange  occurs  at  frequencies  higher  than  can  be  measured  with  our  instruments. 

Integral  scales  of  the  concentration  records  are  relatively  independent  of  position  for  the 
unstable  tests.  Average  values  increase  with  increasing  instability,  but  are  always  less  than  the 
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convective  velocity  time  scale.  We  would  expect  that  the  integral  scale  of  concentration  is  greater  at 
the  further  downwind  distances.  This  result  is  not  found  in  our  tests,  probably  because  of  the 
limited  sampling  distances  and  noise  in  the  experimental  measurements. 

To  further  investigate  the  temporal  behavior  of  the  concentration  records,  we  examined  the 
distribution  of  bursts  for  which  c>  0.  The  mean  duration  of  these  bursts  1  Au(0)  at  a  given  loca¬ 
tion  is  approximately  equal  to  the  integral  scale  of  the  concentration  fluctuations.  Like  the  integral 
scales,  values  of  1  Aii(O)  are  not  a  strong  function  of  position. 

The  probability  distribution  of  bursts  for  which  c>  0  is  nearly  exponential.  In  combination 
with  the  point  probability  distribution  of  concentration  levels,  this  suggests  that  the  mechanics  of 
atmospheric  dispersion  are  more  closely  associated  with  a  Poisson-like  process  than  the  diffusive 
behavior  often  associated  with  time-averaged  concentrations. 

In  the  overall  plume  structure  we  find  that  correlated  puffs  of  material  are  carried  downwind 
from  the  source  and  dispersed  by  the  instantaneous  wind  field.  At  a  given  downwind  distance,  the 
average  time  that  it  takes  for  an  individual  puff  of  smoke  to  pass  over  a  sampler  is  nearly  constant 
and  not  a  function  of  crosswind  position.  The  average  time  between  puffs  of  smoke  is  longer  at 
the  plume  edge  than  at  the  plume  centerline.  Over  the  long  term  we  have  a  Gaussian  crosswind 
profile  of  mean  concentration. 
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